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APPENDIX  A 

PIV  Investigation  of  a  Highly-Loaded  LPT  Blade  Using  a 

Curved  Laser-Sheet 


Christopher  Marks1,  Rolf  Sondergaard2,  Mitch  Wolff3 
Air  Force  Research  Laboratory,  WPAFB,  OH,  45433 

and 

Jordi  Estevadeordal4 

Innovative  Scientific  Solutions,  Dayton,  OH,  45440 


Low  Reynolds  number  flow  around  a  highly  loaded  LPT  blade  (the  L1A)  was 
investigated  by  Particle  Image  Velocimetry  (PIV)  at  the  blade  midspan.  PIV  data  was 
acquired  in  both  the  blade  normal  and  spanwise  direction  planes.  Measurements  in  the 
spanwise  direction  planes  were  taken  near  the  airfoil  suction  surface  using  a  curved  laser- 
sheet  that  closely  matched  the  curvature  of  the  aft  portion  of  the  blade  profile.  Images  in  the 
blade  normal  plane  over  a  range  of  Reynolds  numbers  clearly  show  the  shear  layer  and 
transition  length,  while  images  in  the  spanwise  direction  plane  show  the  three-dimensional 
nature  of  the  transition  region.  The  experiment  was  performed  on  a  linear  cascade  of  seven 
blades  mounted  in  the  Air  Force  Research  Lab  Low  Speed  Wind  Tunnel  facility.  Images 
were  taken  at  two  different  freestream  turbulence  levels  across  a  Reynolds  number  range 
between  25,000  and  125,000. 
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Nomenclature 

coefficient  of  pressure 
axial  chord 

image  length  in  the  horizontal  direction 
freestream  turbulence  intensity 
shape  factor 
magnification  factor 

coordinate  in  the  surface  normal  direction 
static  pressure 
total  pressure 

distance  between  blades  (pitch) 
velocity  component  in  the  Xi  direction 
velocity  component  in  the  x2  direction 
velocity  component  in  the  y  direction 
velocity  component  in  the  z  direction 
boundary  layer  thickness 
integrated  wake  loss  coefficient 


I.  Introduction 


Particle  Image  Velocimetry  (PIV)  is  one  of  the  strongest  diagnostic  tools  for  probing  complex  flow  fields. 

Traditional  techniques  such  as  hot-wire  anemometry  or  LDV  are  limited  to  point  measurements  and  insufficient 
in  providing  instantaneous  flow-field  data  in  two-dimensional  planes.  Experimentally  obtained  two-dimensional 
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velocity  flow-fields  are  useful  for  both  qualitative  and  quantitative  understanding  of  complex  flow.  Data  can  be 
obtained  quickly  and  in  a  large  spatial  area  providing  experimental  data  that  can  be  directly  compared  to  CFD 
results.  Two-dimensional  planar  PIV  is  most  common  and  the  simplest  to  setup,  but  provides  velocity  components 
in  only  two  directions.  In  an  attempt  to  better  understand  the  three-dimensional  nature  of  complex  flows,  and  obtain 
the  third  velocity  component,  a  variety  of  techniques  have  been  devised  and  are  summarized  in  a  book  by  Raffel  et 
al.1  Examples  include:  stereoscopic  PIV,  volumetric  PIV  and  dual-plane  PIV.  Most  of  the  abovementioned 
techniques  require  specialized  calibration  or  image  correlation  methods  beyond  those  typically  required  for  2-D 
single  plane  PIV. 

The  focus  of  studies  on  transitional  flow  around  cylinders,  aircraft  wings,  and  linear  turbine  blades  is  on  the  flow 
behavior  in  the  viscous  region  near  the  wall.  The  walls  are  curved  in  shape  and  attached  laminar,  transitional,  and 
turbulent  boundary  layer  streamlines  primarily  follow  the  shape  of  the  curved  wall.  Curved  walls  make  it  difficult  to 
use  flat  planar  PIV  in  the  spanwise  plane  (see  Fig.  1  for  definition  of  image  planes)  near  the  wall.  Several 
researchers 2’ 3’ 4  have  successfully  applied  2-D  planar  PIV  in  the  spanwise  direction  plane  parallel  to  the  suction  side 
of  an  airfoil  (or  flat  plate  with  adverse  pressure  gradient2)  by  taking  advantage  of  the  low  curvature  of  the  blade  in 
the  region  of  interest.  Burgmann  et  al.3  obtained  spanwise  scanning  PIV  near  the  wall  and  through  a  separation 
bubble  on  the  suction  side  of  a  SD7003  airfoil  at  Reynolds  numbers  of  20,000-60,000.  The  area  of  interest  on  the 
suction  side  of  LPT  blades,  which  have  large  turning  angles,  is  often  near  the  point  of  highest  curvature  which 
makes  imaging  in  the  spanwise  direction  using  a  flat  planar  sheet  difficult.  The  technique  used  in  the  current  study 
makes  use  of  traditional  2-D  blade  normal  imaging  as  well  as  a  curved  laser-sheet  that  allows  spanwise  imaging 
very  near  the  surface  of  a  highly  loaded  LPT  blade  at  low  Reynolds  number.  Curving  the  laser  to  closely  match  the 
flow  streamlines  provides  additional  flow  details  in  the  spanwise  direction  while  still  using  existing  2-D  PIV 
analysis  techniques.  Experiments  were  performed  at  several  Reynolds  numbers  between  25,000  and  125,000,  and 
with  FSTI  of  0.5%  and  3.4%.  In  addition  to  PIV  and  flow  visualization,  integrated  wake  total  pressure  loss 
coefficient  and  Cp  distributions  were  recorded  in  order  to  better  understand  the  blade  performance  under  low 
Reynolds  number  conditions. 


Figure  1.  2D  PIV  around  a  cylinder  showing  object  normal,  spanwise  planar,  and  spanwise  direction 
using  a  curved  laser  sheet. 


II.  Experimental  Setup 


A.  Experimental  Facility 

The  facility  used  in  this  project  was  the  AFRL  Low  Speed  Wind  Tunnel  (LSWT),  which  has  been  described  by 
Sondergaard  et  al.,5  Bons  et  al,6  and  Rivir  et  al.7  The  wind  tunnel  and  a  schematic  of  the  test  section  are  shown  in 
Figure  2  &  Figure  3.  The  wind  tunnel  test  section  is  0.85m  tall  by  1.22m  wide  at  the  inlet  and  houses  the  linear 
turbine  cascade.  A  125-hp  electric  motor  drives  an  axial  flow  fan  which  draws  air  through  the  test  section  at  up  to 
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80m/s.  The  wind  tunnel  flow  uniformity  is  better  than  1%  with  a  FSTI  of  approximately  0.5%.  An  optional 
turbulence  generation  grid  can  be  used  to  increase  the  freestream  turbulence  up  to  a  maximum  of  approximately 
12%.  In  this  study  data  was  taken  with  and  without  a  turbulence  grid  giving  a  FSTI  of  3.4%  and  0.5% 
respectively8. 

The  linear  cascade  has  7  blades  with  a  span  of  0.88m  and  an  axial  chord  of  0.18m.  The  LI  A  profile  studied 
was  designed  by  John  Clark  of  AFRL9  and  is  described  by  Bons  et  al.10  It  is  a  highly  loaded,  slightly  more  aft- 
loaded  version  of  the  L1M  profile9  with  a  design  Zweifel  coefficient  of  1.34.  The  cascade  has  a  solidity  of  0.99  and 
a  design  inlet  flow  angle  of  55°  and  design  exit  angle  of  30°.  Wake  loss  coefficient,  surface  pressure  coefficient, 
and  PIV  images  in  the  blade  normal  and  spanwise  directions  were  recorded  for  a  variety  of  Reynolds  numbers  and 
freestream  conditions.  Reynolds  number  was  calculated  based  on  inlet  velocity  and  blade  axial  chord  length.  Blade 
normal  direction  images  were  taken  on  blade  3  and  spanwise  direction  images  were  recorded  on  blade  4.  Pressure 
taps  were  located  on  blade  three  and  four.  An  upstream  Pitot-static  probe  and  a  downstream  total  pressure  Kiel 
probe  were  used  to  measure  static  and  total  pressure  upstream  and  total  pressure  in  the  wake  of  the  blades.  A  -0.2  to 
0.8  in-H20  Druck  pressure  transducer  was  used  for  wake  loss  measurements,  and  0  to  2.0  in-H20  Druck  pressure 
transducer  for  Cp  calculations.  A  single  element  hotwire  was  used  to  measure  inlet  velocity  and  calculate  Reynolds 
number  based  on  axial  chord.  Cascade  periodicity  across  the  blade  set  was  checked  by  pressure  measurement 
upstream  and  approximately  one  and  one-half  chord  lengths  downstream  of  the  turbine  blades. 


Figure  2.  AFRL  Low  Speed  Wind  Tunnel  Facility 


From  Bell  Mouth 


Test  Blade 


End  blades 


Turbulence  Generator 


Blade 


Figure  3.  Top  view  of  LSWT  test  section. 


B.  PIV  Technique 

The  PIV  technique  involves  two  main  steps.  First,  a  selected  plane  or  surface  within  the  flow  field  is  created  by 
illuminating  seeding  particles  with  a  powerful,  thin,  laser-light  sheet.  The  laser-light  sheet  is  typically  formed  by 
means  of  a  combination  of  spherical  and  cylindrical  lenses.  The  light  scattered  by  the  seeding  particles  in  the 
illuminated  plane  is  recorded  using  double-exposure  photographs.  In  the  second  step,  the  local  fluid  velocity  is 
obtained  from  the  ratio  of  the  measured  displacement  between  two  images  of  the  same  particle  ensembles  to  the 
time  between  exposures,  which  is  a  preset  parameter1. 

Once  the  PIV  images  were  captured  and  digitized,  the  velocity  field  was  obtained  using  cross-correlation 
techniques  over  interrogation  domains  of  the  images  and  PIV  software  developed  by  Innovative  Scientific  Solutions 
Inc.  (ISSI).  The  present  results  were  obtained  with  two  and  three  passes  with  interrogation  domains  of  128,  64,  and 
32  pixels  with  an  overlapping  of  75%.  Overlapping  domains  (by  three-quarters  the  domain  size)  yields  more  vectors 
and  is  not  merely  interpolation  since  it  includes  new  particles  in  every  domain  subregion11,12.  A  parallel  computing 
code  for  Linux  clusters  from  ISSI  was  used  for  added  processing  speed13. 

7.  PIV  Experimental  Setup 

A  single-color  PIV  system  implemented  in  the  LSWT  facility  for  various  configurations  is  shown  schematically 
in  Figure  4,  including  2D  flat  planar  and  curved  laser  setups.  The  laser  and  cameras  for  the  PIV  system  were 
mounted  on  optical  breadboards  located  directly  underneath  and  adjacent  to  the  cascade.  The  laser  was  a  dual-head 
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(532-nm),  frequency  doubled,  flashlamp-pumped  Nd:YAG  laser  (New  Wave  Solo  -  120).  The  laser  was  capable  of 
delivering  dual  120  mJ  pulses  at  repetition  rates  of  up  to  15Hz.  The  temporal  delay  between  the  two  lasers  was 
controlled  by  a  pulse  generator.  The  settings  of  the  pulse  generator  were  a  function  of  flow  velocity,  optical 
magnification,  and  interrogation  spot  size.  The  spanwise  and  blade  normal  direction  images  were  recorded  during 
independent  tests. 

Mie  scattering  from  the  seed 
particles  was  recorded  on 
commercial,  high-resolution  CCD 
digital  camera  sensors  (PCO1600) 
with  a  resolution  of  1600  by  1200 
pixels  and  a  maximum  framing  rate 
of  30  frames  per  second  (fps).  These 
cross-correlation  cameras  are  capable 
of  acquiring  double  exposures  at  a 
rate  of  1 5  Hz.  The  two  frames  can  be 
recorded  sequentially  within  one 
hundred  nanoseconds.  Images  were 
recorded  at  a  frequency  of  10Hz. 

This  PIV  technique  has  been 
successfully  applied  to  a  variety  of 
flows  and  the  results  have 
demonstrated  the  resolution  necessary 
for  exploring  flow  features  in 
complex  flow  fields14.  The  camera 
recording  images  in  the  blade  normal 
direction  was  mounted  underneath  the 
test  section  looking  through  a  1.25cm 
thick  clear  plexiglass  cascade  bottom  plate,  approximately  50cm  from  the  plane  of  the  light  sheet.  The  camera  was 
fitted  with  a  3 5 -70mm  f2.8  lens  set  to  a  focal  length  of  ~40mm,  which  provided  a  field  of  view  of  119mm  by 
158mm.  The  camera  recording  images  in  the  spanwise  direction  was  mounted  adjacent  to  test  section  facing  the  aft 
portion  of  the  blade  4  suction  surface.  The  camera  view  was  through  two,  1.25cm  thick  plexiglass  sheets  (the  test 
section  wall  and  tailboard).  A  105mm  f2.8  lens  was  used  for  the  spanwise  images.  The  camera  and  lens  were 
located  approximately  100  cm  from  blade  4  which  gave  a  field  of  view  of  93mm  by  124  mm. 

Images  were  correlated  using  PPIV13  at  a  32x32  pixel  correlation  window,  and  75%  overlapping  of  the  domain 
which  provided  a  vector  at  every  8  pixels  or  0.8  mm  for  the  streamwise  images  and  ~0.6  mm  in  the  downstream  area 
of  the  spanwise  images.  Points  along  the  blade  to  surface  interface  were  extracted  from  the  PIV  images  and  then  a 
polynomial  curve  fit  was  used  to  identify  the  location  of  the  surface  of  the  blade  in  the  streamwise  PIV  images.  The 
area  of  the  blade  was  blanked  during  post  processing.  Instantaneous  series  of  images  were  averaged  using  DPIV 
software  and  then  post  processed  into  vector  plots,  or  contour  plots.  Select  instantaneous  flow  fields  have  been 
further  analyzed  using  Reynolds  or  Galilean  decomposition  following  the  process  summarized  and  demonstrated  by 
Adrian  et  al17.  Velocity  profiles  were  extracted  normal  to  the  blade  surface  for  select  Reynolds  numbers. 

2.  Curved  Laser-Sheet  for  Conformal  Surface  Diagnostics 

A  novel  technique  that  generates  curved  laser-sheets  of  arbitrary  wrappable  3D  shapes  has  been  developed.  The 
technique  employs  standard  optical  components  such  as  a  combination  of  cylindrical  lenses  or  curved  mirrors. 
Customized  design  optics  can  also  be  used  to  deliver  certain  curved  laser  shapes,  which  requires  fewer  optical 
elements.  As  an  example  of  how  the  technique  functions,  a  flat  laser  sheet  such  as  those  typically  used  in  PIV  can 
be  bent  or  curved  by  adding  cylindrical  lenses  at  various  angles  in  the  optical  path.  The  cylindrical-lens  inclinations, 
distances,  and  physical  properties  (such  as  thickness  and  focal  length)  determine  the  shape  and  thickness  of  the 
curved  sheet  and  can  generate  any  wrappable  laser-sheet  shape  with  constant  or  variable  thickness.  This  is  similar  to 
having  a  flat  laser  sheet  incident  to  optical  windows  with  curvature.  A  single  customized  optical  element  can  also 
be  designed  to  deliver  any  wrappable  curved-sheet  shape.  Since  these  curved  laser  sheets  allow  tracking  of  any 
curved  shape  in  space,  they  can  be  used  for  3D  illumination  of  flow  regions  such  as  boundary-layer  or  wall  flows  in 
conformal  3D  surfaces  and  airfoil  and  circumferential  planes  in  turbomachinery.  Moving  the  optical  elements  can 
produce  changes  in  the  laser  curvature,  and  the  motion  of  surfaces  such  as  wing  motions  in  flying  insects  or  UAV 
(unmanned  air  vehicles)  can  be  tracked  in  time.  An  example  of  the  use  of  these  curved  laser  sheets  is  flow 

4 

American  Institute  of  Aeronautics  and  Astronautics 

092407 

4 

Approved  for  public  release;  distribution  unlimited. 


Bladel  Blade2 


Blade3  Blade4 


Blade5 


Blade6 


Blade7 


Blade  Normal 
Camera 


Spanwise 

Camera 


Figure  4.  Schematic  of  the  PIV  experiments  and  laser  and  camera 


diagnostics  around  curved  walls 
using  PIV.  In  the  present 
application  for  the  2D  turbine 
cascade  blades,  the  laser  sheet 
was  curved  to  be  parallel  to  the 
wall  profiles  of  the  turbine-blade 
and  PIV  data  acquired  for 
boundary-layer,  wall-flow,  and 
flow-separation  diagnostics;  in 
this  case  the  curved  laser  sheet 
was  brought  into  focus  in  the 
camera  by  employing  a  large  F- 
number  (small  aperture)  and  a 
grid  on  the  blade  profile  was  used 
for  magnification  calibration 
across  the  field  of  view.  For  a 
general  distorted  3D  shape,  the 


A 


Figure  6.  Example  of  curved  laser-sheet  forming  optics. 


camera  optics  path  could  include  optical  elements  that  compensate  for  the  otherwise  out-of-focus  image  plane  at  the 
expense  of  magnification  distortions;  this  is  similar  to  an  extension  of  the  Scheimpflug  arrangement  used  in  stereo 
PIV  or  when  viewing  object  planes  at  an  angle. 

An  example  of  an  optical  system  using  off-the-shelf  lenses  used  for  curving  the  laser  sheet  is  shown  in  Figure  5. 
The  first  three  lenses  shown  are  similar  to  configurations  typically  used  to  generate  a  planar  laser  sheet  for  PIV 
experiments.  A  bi-convex  spherical  lens  (A)  is  used  to  reduce  the  diameter  of  a  laser  beam;  next  a  series  of  negative 
focal  length  cylindrical  lenses  (B  and  C)  expand  the  laser  into  a  planar  sheet.  In  a  planar  PIV  experiment  adjusting 
the  focal  lengths  and  placement  of  lenses  A,  B,  and  C  sets  the  laser  sheet  thickness  and  width.  In  order  to  generate  a 
curved  sheet,  an  additional  tilted  convex  cylindrical  lens  (D)  was  added  to  the  system  as  shown  in  Figure  5.  The 
orientation  of  the  additional  lens  determines  the  shape  of  the  sheet.  Tilting  the  lens  by  an  angle  (3  in  the  x-axis  will 
generate  a  curve  in  the  sheet  related  to  the  geometry  of  the  cylindrical  lens.  Rotating  the  already  tilted  lens  by  an 
angle  cp  about  the  z  axis  will  adjust  the  area  of  the  curve  that  is  illuminated  and  allow  limited  manipulation  of  the 
curvature  of  the  sheet.  The  rotation  of  the  lens  about  the  z-axis  does  not  adjust  the  actual  curvature,  it  creates  an 
area  of  lower  curvature  which  could  be  illuminated  and  used  as  needed.  This  is  shown  by  modeling  in  a  ray  tracing 
program  and  demonstrated  with  a  two  cylindrical  lens  setup  in  Figure  6.  Figures  6a  and  6b  show  a  curved  sheet 
created  by  tilting  the  last  cylindrical  lens  by  45  degrees  in  the  x-direction.  Notice  that  curve  in  Figure  6a  is 
parabolic  so  that  the  rate  of 
curvature  is  not  constant  along 
the  entire  curve.  By  rotating  the 
lens  in  the  z-axis  as  shown  in 
Figure  6c,  the  area  illuminated 
is  shifted  to  the  right  to  an  area 
with  high  curvature  at  the  left 
portion  of  the  sheet,  and  less 
curvature  on  the  right.  The 
image  shown  in  Figure  6c,  if 
flipped  vertically  is  much  closer 
to  the  shape  of  an  airfoil. 

Generating  a  curved  sheet  is 
somewhat  trivial  as 
demonstrated  above;  however, 
creating  a  sheet  that  exactly 
matches  the  profile  of  an 
aerodynamic  shape  such  as  a 
turbine  blade  involves  optical 
design  work.  Additional 
discussion  on  the  development 
of  a  curved  sheet  that  closely 
matches  an  aerodynamic  shape 


Figure  5.  Example  of  a  two  lens  curved  laser  sheet  modeled  in  a  ray  tracing 
program  (a  and  c)  and  demonstrated  with  a  class  3a  laser.  The  second  lens 
has  orientation:  a.)  &  b.)  (p  =  0°,  p=45°;  c.)  &  d.)  cp  =  45°  p=45° 
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will  be  included  later  in  the  paper. 

The  field  of  view  of  each  camera  used  is  shown  in  Figure  7  as  well  as  the  coordinate  systems.  The  following 
relationship  relates  the  magnitude  of  velocity  in  each  view,  assuming  two  dimensional  flow  through  the  linear 
cascade  and  that  the  curved  laser  sheet  approximates  a  stream  surface: 

\v\  =  VV  +  v2  =  Vv  (1) 

In  the  spanwise  FOV,  magnification  (M)  is  a  function  of  x2  due  to  the  curved  laser  sheet.  This  is  discussed  further 
in  the  results  section. 


3.  Uncertainty  of  velocity  calculation  from  DPIV 
The  velocity  u  (m/s)  is  computed  using  the  formula: 


u  = 


Ax 
A  t-M 


(2) 


where  Ax  is  the  displacement  (pixels)  of  each  interrogation  domain  during  At  (sec),  the  time  interval  between  the 
two  exposures,  and  M  is  the  magnification  of  the  digital  image  relative  to  the  object  (pixels/m).  The  displacement  in 
pixels  is  obtained  by  using  peak  locator  algorithms  (e.g.  a  centroid  method)  that  finds  the  location  of  the  peak  on  the 
correlation  map  obtained  from  cross-correlating  the  two  images  and  corrects  for  various  biases  and  yields  to  sub¬ 
pixel  accuracy  (<  0.1  pixels).  The  algorithm  includes  multipass  with  cell  shifting  for  increased  accuracy.  The 
maximum  uncertainty  in  the  At  is  calculated  from  the  time  interval  between  the  two  laser  pulses.  It  has  been  found 
that  this  uncertainty  increases  with  lower  laser  power  and  with  lower  At.11  A  conservative  number  for  the  typical 
PIV  experiments  was  found  to  be  1%.  Magnification  is  measured  using  images  of  targets  located  in  the  laser  sheet 
plane  and  it  is  read  to  better  than  1%.  Combining  these  three  conservative  measurements  the  uncertainty  for  typical 
displacements  yields  to  a  maximum  error  of  <  2%. 11  The  uncertainty  added  by  the  curved  laser-sheet  in  the  present 
investigation  is  reduced  to  the  magnification  variation  since  the  present  setup  did  not  produce  out  of  focus  effects 
that  required  special  optical  corrections. 

For  successful  PIV  measurements  the  selection  and  implementation  of  the  proper  seeding  strategy  is  a  major 
factor.  The  seeding  particles  must  be  extremely  small  (typically  <  1  pm)  to  track  accelerations  in  the  fluid  effec¬ 
tively  and  faithfully  and  to  avoid  the  impact  of  viscous  and  inertia  forces.  The  seeding  particles  must  also  be 
efficient  light  scatterers  to  ensure  that  exposure  of  the  recording  media  occurs.  The  method  implemented  used 
submicron  sized  propylene  glycol  smoke  generated  by  a  theatrical  fog  generator.  The  smoke  was  injected  into  the 
flow  at  the  wind  tunnel  inlet.  These  particles  were  appropriate  for  tracking  the  flow  in  the  areas  of  interest  which 
include  shear  layer,  wake,  separation  and  recirculation  areas.  The  small  size  of  the  particles  (<0.5  pm)  is  the  main 
parameter  that  assured  faithful  flow  tracking  in  the  areas  of  interest. 
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In  the  present  investigation,  analyses  are  presented  using  flow  visualizations,  instantaneous,  and  averages  from 
the  PIV  velocity  fields.  Averaging  the  instantaneous  velocity  fields  has  the  effect  of  eliminating  the  fluctuations  due 
to  incoherent  unsteadiness  that  are  associated  with  noise  and  turbulence  and  permitting  a  good  comparison  with 
CFD  predictions.  The  velocity  field  is  averaged  using  routines  that  allow  removal  of  outliers  beyond  any  number  of 
standard  deviations  and  other  filtering  techniques.  Robust  statistics  for  removal  of  outliers  using  the  median  can  also 
be  used.  PIV  is  instantaneous  in  nature  but  cannot  provide  temporal  evolution  of  the  flow  field  because  of  the 
relatively  slow  repetition  rate  of  the  lasers  that  are  suitable  for  this  type  of  PIV  application  requiring  relatively  large 
areas  be  illuminated  and  imaged. 


III.  Results 

The  results  presented  in  this  section  describe  the  aerodynamic  characteristics  of  the  LI  A.  The  integrated  wake 
loss  coefficient  and  Cp  distribution  will  be  presented  first,  for  both  low  and  high  freestream  turbulence  conditions. 
The  pressure  data  will  be  followed  by  flow  visualization  images  and  PIV  results  in  both  the  blade  normal  direction 
and  spanwise  direction. 


A.  Wake  Loss  and  Cp  Distribution: 

The  integrated  wake  loss 
coefficient  was  calculated 
using  Equation  3  across  one 
blade  pitch  and  is  shown  in 
Figure  8  for  both  FSTI  levels 
along  with  flowfield 
predictions.  The  predictions 
were  made  in  advance  of 
testing  with  the  RANS  solver 
of  Domey  and  Davis15  using 
point-wise  trips  defined  by  the 
separated-flow  transition  model 
of  Praisner  and  Clark16  (See 
also  Clark  et  al.  9).  A  gradual 
rise  in  loss  coefficient  with 
decreasing  Reynolds  number  is 
predicted  down  to  50,000, 
followed  by  rapid  rise  and  then 
plateau  as  Reynolds  number  is 
decreased  further.  The  shape 
is  similar  to  the  loss  knee  found 


-FSTI  =  3.4% 


-FSTI  =  0.5% 


-CFD 


Reynolds  Number 

Figure  8.  Integrated  wake  pressure  loss  coefficient. 


for  other  highly  loaded  LPT  blades  (e.g.  Pack-B)  and  the  rapid  increase  in  loss  is  due  to  flow  separation  without 
reattachment  on  the  suction  surface5.  With  the  exception  of  the  steep  rise  in  loss  at  Reynolds  number  of  50,000,  the 
predicted  loss  profile  follows  the  trends  of  the  higher  FSTI  experimental  results.  The  CFD  predicted  loss  profile  is 
similar  in  shape  to  the  low  FSTI  experimental  results,  yet  has  a  shift  in  loss  knee  of  negative  40,000  Reynolds 
number  compared  to  experiment.  At  both  FSTI  conditions  and  low  Reynolds  numbers  (below  50,000),  the 
experimental  loss  coefficient  was  lower  than  the  predicted  loss  coefficient. 


(3) 


The  higher  FSTI  experimental  loss  versus  Reynolds  number  profile  has  a  gradual  lapse  compared  to  the 
profound  knee  of  the  low  FSTI  case,  which  indicates  the  development  of  a  closed  reattaching  separation  bubble. 
The  maximum  loss  coefficient  at  the  lowest  Reynolds  number  tested  was  -65%  of  that  predicted  by  CFD.  The 
experimental  loss  profile  found  during  this  work  varies  considerably  from  that  given  by  Bons  et  al.10  whose 
experimental  results  (at  a  FSTI  of  3%)  showed  a  minimal  increase  in  loss  down  to  a  Reynolds  number  of  50,000 
followed  by  a  sharp  nearly  constant  increase  in  loss  down  to  a  Reynolds  number  of  20,000,  with  peak  loss  of  nearly 
4  times  that  found  in  the  AFRL  wind  tunnel.  Bons  et  al.  assumed  the  drastic  difference  in  their  experimental  results 
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%CX 


Figure  10.  Pressure  Coefficient,  FSTI=0.5%. 


versus  the  CFD  prediction  they  were  comparing  results  with  to  be  due  to  not  fully  capturing  the  periodicity  of  the 
CFD  model,  in  their  two  passage  experimental  cascade. 

Experimental  and  CFD 
predicted  Cp  distributions  are 
shown  in  Figures  9  &  10  for  the 
low  FSTI  conditions  and  high 
FSTI  conditions  respectively.  For 
all  low  FSTI  Reynolds  numbers 
tested  the  Cp  distribution 
indicates  a  separated  non¬ 
reattaching  boundary  layer.  The 
separated  region  is  identified  by  a 
plateau  in  the  slope  of  the  surface 
pressure  distribution  on  the 
suction  side  starting  between  57% 
and  62%  axial  chord  for  flow 
Reynolds  numbers  below  90,000, 
and  -62%  for  higher  Reynolds 
numbers.  The  maximum  suction 
location  is  consistently  located  at 
-53%  axial  chord  for  all 
Reynolds  numbers  tested  below 
117,000,  but  shifts  downstream  to 
-57%  axial  chord  at  a  Reynolds 
number  of  1 17,000.  The  value  of 
peak  Cp  stays  relatively 
consistent  from  a  Reynolds 
number  of  15,000  up  to  79,000, 
and  then  gradually  increases  as 
Reynolds  number  increases.  The 
predicted  Cp  distribution  at 
Reynolds  number  of  15,000 
agrees  well  with  the  experimental 
results.  At  the  higher  Reynolds 
number  of  59,000  the  predicted 
Cp  distribution  indicates  higher 
loading  and  a  closed  reattaching 
separation  bubble  on  the  suction 
side  compared  to  separated  flow 
measured  during  experiment. 

The  experimentally  measured 
Cp  distributions  for  tests  run  with 
a  FSTI  of  3.4%  indicate  a 
reattaching  separation  bubble 
(identified  by  the  brief  plateau  in 
suction  side  Cp)  for  the  highest 

value  of  Reynolds  number  tested,  Re=80,000  down  to  Re=50,000.  The  separation  bubble  begins  near  -62%  and 
reattaches  between  78%  and  83%.  At  Reynolds  numbers  of  25,000,  and  15,000  the  flow  is  fully  separated  as  the  Cp 
profile  does  not  recover  at  the  trailing  edge  of  the  blade.  The  separation  point  for  these  conditions  is  between  -57% 
and  -62%.  Peak  suction  location  is  consistently  at  57%  axial  chord  for  all  Reynolds  numbers  tested  at  high  FSTI 
except  at  Reynolds  number  of  15,000,  where  it  has  shifted  upstream  to  53%  axial  chord.  This  is  consistent  with  the 
results  for  the  low  FSTI  separated  case  in  which  the  peak  suction  point  shifted  slightly  downstream  at  the  highest 
Reynolds  number  tested.  The  predicted  Cp  distribution  at  a  Reynolds  number  of  15,000  has  the  same  shape,  but 
lower  loading  compared  to  the  experimental  results.  At  higher  Reynolds  numbers  the  predicted  Cp  distribution  is  of 
the  same  shape,  but  lower  overall  loading.  The  predicted  Cp  distribution  at  Reynolds  numbers  of  51,000  and  81,000 
both  indicated  the  presence  of  a  closed  reattaching  separation  bubble  which  agrees  with  experimental  results. 


Figure  9.  Pressure  Coefficient,  FSTI=3.4%. 
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B.  PIV  and  flow  visualization 


1.  FSTI  =  0.5% 

Figure  1 1  shows  flow  visualizations  of  the  separated  shear  layer  above  the  aft  portion  of  the  LI  A  profile  with 
low  values  of  FSTI  (no  turbulence  grid).  At  a  low  Reynolds  number  of  25,000  the  shear  layer  is  separated  without 
reattachment  and  well  defined  laminar  eddies  traveling  downstream  along  the  shear  layer  can  be  identified.  As 
Reynolds  number  increases,  eddies  form  in  the  shear  layer  closer  to  the  separation  point  and  travel  a  short  distance 
downstream  before  they  transition  to  turbulent  eddies.  At  a  Reynolds  numbers  of  1 10,000  and  125,000  the 
transition  length  in  the  shear  layer  is  very  short  and  eddies  maintain  a  laminar  coherent  structure  for  a  very  short 
period  of  time  before  becoming  fully  turbulent. 

Averaged  velocity  fields  for  these  conditions  are  shown  in  Figure  12.  Since  the  PIV  was  not  synchronized 
(phase-locked)  to  the  shear  layer  frequency,  the  shear  layer  eddies  are  washed  out  by  the  averaging.  The 
recirculations  for  high  Reynolds  numbers  in  these  averages  are  indication  of  constancy  of  the  recirculation  region 
motion  in  the  separated  area. 


. 
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Figure  11:  Select  instantaneous  flow  visualizations  in  the  blade  normal  field  of  view  for  FSTI  =  0.5%.  The 
blade  location  on  the  left  edge  of  the  images  corresponds  to  Cx=52.5%  (42.0%  SSL)  and  the  trailing  edge 
(marked  T.E.)  is  located  near  the  right  side  of  the  image. 
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(e)  Re  =  25,000 


Figure  12.  Averaged,  non-dimensional  velocity  contour  plots  in  the  blade  normal  direction. 


2.  FSTI  =  3 .4%o 

PIV  and  flow  visualization  was  carried  out  at  six  flow  speeds  in  the  blade  normal  PIV  plane  corresponding  to 
Reynolds  numbers  of  90k,  70k,  60k,  50k,  40k,  and  25k.  In  the  spanwise  direction,  PIV  using  a  curved  laser  sheet 
was  completed  at  Reynolds  numbers  of  60k,  40k,  and  25k. 
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Blade  Normal  PIV  Plane 

Flow  visualization,  non-dimensional  velocity  contour,  and  non-dimensional  RMS  velocity  magnitude  for  each 
Reynolds  number  are  shown  in  Figures  13-  15.  Flow  is  from  left  to  right  in  each  image.  The  instantaneous  images 
show  the  effect  of  Reynolds  number  on  transition.  At  a  Reynolds  number  90,000  the  flow  visualization  shows  a 
laminar  boundary  layer  growing  and  transitioning  to  turbulent.  The  laminar  boundary  layer  appears  dark  in  the 
image  due  to  lack  of  seeding  mixing  into  the  viscous  layer.  The  existence  of  a  separation  bubble  at  this  flow  speed  is 
not  obvious  from  the  flow  visualization,  but  the  PIV  velocity  plot  shows  an  area  of  low  velocity  between  Cx~60% 
and  ~85%.  This  is  consistent  with  the  separation  bubble  observed  in  the  Cp  plots.  As  Reynolds  number  decreases 
to  70,000  the  separation  bubble  thickens  and  in  the  instantaneous  image  it  appears  an  eddy  is  shed  from  the 
separation  bubble  and  transitions  to  turbulent  downstream.  The  time  averaged  PIV  velocity  contour  plot  shows  a 
separation  bubble  that  has  grown  in  thickness  and  appears  more  coherent  in  structure  than  the  Reynolds  number  of 
90,000  plot.  For  both  flow  speeds  the  time  averaged  PIV  images  show  a  region  of  near  zero  flow  velocity  just 
before  the  trailing  edge.  This  is  most  likely  due  to  a  lack  of  seeding  in  this  area.  At  a  Reynolds  number  of  60,000 
the  separation  location  appears  to  move  slightly  downstream  to  ~60%  chord.  The  turbulent  boundary  layer 
downstream  from  the  separation  bubble  shows  much  better  mixing  and  no  signs  of  coherent  structures  such  as  those 
observed  at  Reynolds  number  of  70,000.  As  Reynolds  number  decreases  to  50,000  the  separation  bubble  increases 
in  thickness  and  the  flow  transitions  to  a  turbulent  boundary  layer  downstream  from  the  bubble.  At  a  Reynolds 
number  of  40,000,  the  instantaneous  image  shows  a  separated  transitioning  shear  layer.  Other  instantaneous  images 
taken  at  this  flow  number  showed  a  shear  layer  that  was  fluctuating  and  nearly  reattaching.  The  time  averaged 
velocity  plots  show  a  circulation  region  below  the  separated  shear  layer  with  the  streamlines  indicating  nearly 
reattaching  flow.  At  a  Reynolds  number  of  25,000  the  flow  is  separated  without  reattachment  with  a  separation 
location  near  Cx=59%.  This  is  consistent  with  the  location  found  by  Bons  et  al.10.  The  instantaneous  flow 
visualization  shows  eddies  form  in  the  separated  shear  layer  and  then  transition  to  turbulence.  A  circulation  region 
is  present  at  Reynolds  number  of  25,000  in  the  time  averaged  PIV  results.  The  separation  point  varies  less  than  ~2% 
axial  chord  for  each  Reynolds  number  studied.  The  reattachment  point,  which  is  more  difficult  to  locate  precisely 
did  not  vary  considerably  across  Reynolds  number  and  was  consistently  located  at  Cx~85%.  This  is  consistent  with 
the  location  observed  in  the  Cp  plots. 


Figure  13.  Flow  visualizations  with  FSTI=3.4%. 
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Figure  14.  Non-dimensional  velocity  contours  for  FSTI=3.4%. 
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Figure  15.  Non-dimensional  RMS  velocity  magnitude  for  FSTI=3.4%. 


Velocity  profiles  were  extracted  at  the  surface 
normal  locations  shown  in  Figure  16.  Boundary 
layer  height,  5,  and  shape  factor,  H  were  calculated 
from  the  profiles.  The  shape  factor  is  calculated 
using  Equation  4.  Non-dimensionalized  velocity 
profiles  at  Reynolds  number  of  60,000  are  shown 
in  Figure  17  spaced  by  %SSL.  Figure  18-19  show 
the  boundary  layer  thickness  and  shape  factor  for 
Re=25,000,  60,000  and  90,000. 


H  =  (n  dn 
J°  l^sl 


(4) 


0.6 


x/d 

Figure  16.  Surface  normal  velocity  extraction  locations. 
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Figure  18.  Surface  normal  non-dimensional  velocity  profiles  at  various  surface  locations  for  Re=60,000,  FSTI 

=3.4%. 

For  flow  over  a  flat  plate,  shape  factor  can  be  used  as  an  indicator  of  adverse  pressure  gradient,  transition,  and 
conditions  in  which  separation  could  occur.  Flow  over  a  curved  surface  can  be  approximated  by  flat  plate  flow  if 
the  boundary  layer  thickness  is  small  compared 
to  the  radius  of  curvature  of  the  wall18.  The 
LI  A  blade  suction  surface  radius  of  curvature  is 
-50  times  larger  than  the  boundary  layer 
thickness,  so  the  flow  over  the  suction  surface  of 
a  LPT  in  a  linear  cascade  meets  this  criterion, 
but  care  must  be  taken  since  the  flow  conditions 
are  not  the  same.  As  pointed  out  by 
Schlichting19,  there  is  a  large  drop  in  shape 
factor  during  transition  and  measurements  by 
Schubauer  and  Klebanoff  showed  a  drop  in 
shape  factor  from  2.6  to  1.4  in  the  transition 
region  of  a  fiat  plate.  Shape  factor  increases  as 
adverse  pressure  gradient  increases  and  a  variety 
of  shape  factors  for  which  separated  flow  can 
occur  are  listed  in  literature.  Based  on  Karman’s 
general  two-dimensional  boundary  layer  integral 
relation,  White18,20  lists  shape  factor  values  of 
-3.5  and  -2.4,  for  laminar  flow  and  turbulent 
flow  respectively,  above  which  separation  can 

occur.  Schlichting19  also  summarizes  different  values  of  shape  factor  for  turbulent  boundary  layers  in  which 
separation  can  occur  and  they  vary  from  shape  factors  greater  than  H-4  to  as  little  as  H-2. 

The  boundary  layer  thickness  is  constant  at  the  two  most  upstream  surface  location  for  both  Reynolds  number  of 
90,000  and  60,000.  A  gradual  rise  in  boundary  layer  begins  at  Cx=59%  for  Reynolds  number  of  90,000  which 
corresponds  to  the  location  of  a  thin 
separation  bubble.  The  separation  bubble 
begins  slightly  further  downstream,  after 
Cx=60%  at  Reynolds  number  of  60,000. 

For  both  Reynolds  numbers  of  90,000  and 
60,000  the  separation  bubble  reattaches 
between  Cx=79%  and  Cx=85%.  It  is 
unclear  why  there  is  a  dip  in  boundary 
layer  thickness  near  Cx~74%.  The 
boundary  layer  is  only  about  4mm  thick  in 
the  area  of  the  separation  bubble  and  the 
limited  resolution  of  PIV  near  the  wall 
must  be  considered  to  add  uncertainty  to 
the  boundary  layer  thickness  calculation 
near  the  wall.  In  addition,  the  stair 
stepped  pattern  near  the  wall  in  the  PIV 
velocity  plots  in  the  area  of  the  separation 
bubble  is  believed  to  be  due  to  a 


Figure  17.  Boundary  layer  thickness  for  three  Reynolds 
numbers. 


=Separation 
Location,  Laminar 
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Figure  19.  Shape  factor  for  three  Reynolds  numbers. 
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combination  of  factors  including  the  use  of  a  square  shaped  interrogation  region,  curvature  of  the  blade,  noise  due 
the  reflection  of  the  laser  near  the  wall,  and  large  gradient  of  velocity  in  the  separation  bubble  versus  freestream. 
The  shape  factor  shown  in  Figure  19  shows  a  significant  drop  in  shape  factor  at  the  separation  location  for  both 
Reynolds  numbers  of  90,000  and  60,000.  As  discussed  above,  a  sudden  drop  in  shape  factor  is  a  characteristic  of 
transitional  flow.  The  shape  factor  remains  low  until  Cx=70%  where  it  recovers  to  a  value  approximately  equal  to 
the  attached  value,  and  then  decreases  again  at  Cx=74%,  followed  by  a  gradual  increase  after  Cx=76%.  The 
fluctuation  in  shape  factor  between  Cx=66%  and  Cx=76%  is  likely  due  to  the  limitations  of  PIV  near  the  wall 
mentioned  above.  The  gradual  increase  after  Cx=76%  is  an  indicator  of  a  turbulent  boundary  layer  and  increasing 
adverse  pressure  gradient. 

At  Reynolds  number  of  25,000  the  boundary  layer  thickness  grows  significantly  after  the  separation  location  of 
Cx~59%.  This  is  consistent  with  separated  flows  that  do  not  reattach.  The  shape  factor  at  separation  point  (H~4)  is 
consistent  with  shape  factors  in  literature  that  are  reported  to  be  prone  to  separation.  Shape  factor  decreases  slightly 
after  the  separation  location  until  Cx=70%  where  it  then  increases  exponentially. 


Spanwise  Curved  PIV  Sheet 

The  location  of  the  spanwise  curved  laser  sheet  is  shown 
in  Figure  20.  Since  the  laser  sheet  was  formed  by  off-the 
shelf  cylindrical  lenses  it  does  not  match  the  surface 
curvature  exactly,  yet  matches  fairly  well  from  Cx~60%  to 
90%.  As  the  sheet  diverges  from  the  surface  upstream  of 
Cx=60%  streamlines  cross  the  laser  sheet  decreasing  the 
accuracy  of  the  velocity  calculation  in  the  upstream  region. 
Due  to  the  curvature  of  the  laser  sheet,  magnification  factor 
is  not  constant  and  is  a  function  of  coordinate  x2.  The 
measurement  of  magnification  factor  adds  additional 
uncertainty  to  the  velocity  field  calculation.  In  this  study  the 
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Figure  20:  Location  of  spanwise  laser  sheet. 

magnification  was  measured  from  a  grid  fixed  to 
the  blade  surface,  so  the  accuracy  of  the  velocity 
calculation  also  drops  off  as  the  laser  sheet 
diverges  from  blade  surface  upstream  of 
Cx=60%.  A  method  of  placing  a  grid  that 
exactly  lines  up  with  the  curved  sheet  would 
increase  the  accuracy  of  the  magnification  factor 
variation  measurement  and  would  decrease  the 
overall  uncertainty  of  the  method.  A  grid  placed 
on  a  deformable  polymer  or  similar  material  that 
could  be  shaped  to  match  a  given  laser  sheet 
shape  would  be  ideal. 

Images  taken  in  the  spanwise  FOV  have  been 
labeled  with  the  surface  location  based  on  axial 
chord.  These  locations  correspond  to  the 
location  of  the  surface  of  the  blade  as  viewed 
from  the  spanwise  FOV  camera.  The  optical 
axis  of  the  spanwise  FOV  camera  was 
perpendicular  with  the  xi  axis  of  the  blade 
normal  images. 

Figures  21-23  show  average  spanwise 
velocity  plots  placed  directly  above  blade  normal 
direction  velocity  plots  taken  at  the  same 


Figure  21:  Time  averaged,  nondimensional  velocity  in  the 
spanwise  (top)  and  blade  normal  direction  at  Re=60k. 

Reynolds  number.  At  an  inlet  Reynolds  number  of  60,000,  the  spanwise  plot  shows  that  the  curved  laser  sheet  slices 
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through  a  separation  bubble.  The  location  where  the  laser  cut  through  the  separation  bubble  is  near  Cx~68%,  the 
location  where  velocity  drops  suddenly  to  nearly  zero  in  the  top  image  of  Figure  21.  The  flow  in  the  separation 
bubble  is  primarily  downstream  in  the  region 
imaged.  This  is  consistent  with  flow  at  the  top  of 
a  separation  bubble. 

Average  velocity  plot  at  Reynolds  number  of 
40k  shows  a  sudden  decrease  in  velocity 
beginning  at  Cx~57%  followed  by  a  region  of 
reversed  flow  downstream  of  Cx~60%.  It  is 
unclear  why  the  separation  region  begins  at  a 
location  further  upstream  in  the  spanwise  image 
than  the  blade  normal  image.  The  velocity 
magnitude  of  the  reversed  flow  increases  in  the  x2 
direction  towards  the  trailing  edge. 

At  a  Reynolds  number  of  25k  the  spanwise 
images  cut  through  the  separated  shear  layer  at 
Cx~60%,  followed  by  a  region  of  nearly  stagnant 
flow  followed  by  reversed  flow  that  gradually 
increases  in  magnitude  towards  the  trailing  edge. 

3.  Discussion  of  spanwise  instantaneous  data 

At  a  Reynolds  number  of  60,000,  with  FSTI  of 
3.4%  the  spanwise  images  slices  through  the  top 
of  thin  separation  bubble.  One  of  the 
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Figure  23.  Time  averaged,  non-dimensional  velocity  in  the 
spanwise  (top)  and  streamwise  (bottom)  FOV  at  Re=25k. 


Figure  22.  Time  averaged,  non-dimensional  velocity  in  the 
spanwise  (top)  and  streamwise  (bottom)  FOV  at  Re=40k. 

instantaneous  images  was  further  analyzed  as  an 
example  of  the  flow  visualization  and  velocity  data 
that  is  obtainable  using  the  cuved  laser  sheet  PIV 
technique.  Figure  24  (note:  the  image  is  mirrored 
and  the  freestream  velocity  is  moving  from  right  to 
left)  includes  the  instantaneous  velocity  field  in  the 
spanwise  direction  and  a  zoomed  in  velocity  vector 
plot  of  an  area  with  a  mushroom  shaped  flow 
feature.  The  instantaneous  velocity  shows  that  the 
flow  in  the  separation  bubble  is  complex  and 
chaotic,  and  suggests  the  area  may  be  a  transitional 
shear  layer  at  this  instant  in  time.  The  flow 
appears  turbulent  directly  downstream  of  the 
bubble  area. 

A  zoomed  in  area  of  the  flowfield  with  the 
mushroom  structure  has  been  further  analyzed  by 
using  Reynolds  and  Galilean  decomposition 
following  the  proceedure  demonstrated  Adrian  et 
al.17.  The  Reynolds  and  Gililean  decomposition 
vector  fields  are  shown  in  Figures  25  and  26 
respectively.  The  decomposition  technique  aids  in 
the  visualization  of  vortical  structures  by 
subtracting  the  averaged  or  vorticy  convection 
speed  from  the  flowfield.  The  mushroom  shaped 
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feature  just  downstream  from  the  separated  region  is  a  pair  of  counterrotating  vortices,  surrounded  by  several  other 
single  vortices  circled  in  Figures  25  and  26.  Based  on  the  boundary  layer  thickness  obtained  in  the  blade  normal 
direction  images  and  the  location  of  the  curved  laser  sheet,  the  spanwise  flow  field  is  located  inside  the  boundary 
layer.  The  type  of  flow  structures  highlighted  in  the  decomposed  flowfields  warrants  further  investigation. 


400 

X  (Pixels) 


Figure  24.  Instantaneous  flow  visualization  in  the  spanwise  field  of  view  (left),  zoomed  in  flow  visualization 
(top  right)  and  velocity  vector  field  (bottom  right).  Re=60k,  Image  21,  FSTI=3.4%. 
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Figure  25.  Reynolds  decomposition  of  portion  of  instantaneous  spanwise  flowfield  at  Reynolds  number  of 

60,000. 

Vel=f(u2-5m/s)  Galilean  Vel=f(u2-5.5m/s)  Galilean  Vel=f(u2-6m/s)  Galilean 


Figure  26:  Galilean  decomposition  of  a  portion  of  the  instantaneous  spanwise  flowfield,  at  Reynolds  Number 
of  60,000. 


IV.  Conclusion 

A  novel  technique  for  generating  a  curved  laser  sheet  around  an  arbitrary  wrappable  shape  was  explained  and 
demonstrated  on  a  highly-loaded  linear  turbine  blade  to  obtain  PIV  flowfield  data  in  the  spanwise  direction.  The 
spanwise  direction  PIV  data  was  recorded  using  a  curved  laser  sheet,  which  closely  matched  the  blade  curvature 
from  Cx~60%  to  90%.  Instantaneous  images  obtained  with  the  curved  laser  sheet  parallel  to  the  curved  suction 
surface  indicated  vortical  flow  structures  in  the  boundary  layer  that  warrant  further  investigation  and  demonstrate 
the  flow  visualization  and  data  obtainable  using  the  curved  laser  PIV  technique.  In  addition  wake  averaged  loss 
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coefficient  and  surface  pressure  coefficient  were  measured  over  inlet  Reynolds  numbers  ranging  from  15,000- 
130,000,  and  FSTI  of  0.5%  and  3.4%.  For  a  FSTI  of  0.5%  the  loss  profile  shows  a  loss  knee  with  a  top  that  begins 
at  Reynolds  number  of  approximately  70,000.  The  Cp  distribution  indicates  separated  flow  up  to  the  highest  inlet 
Reynolds  number  measured  with  a  FSTI  of  0.5%.  Flow  visualization  and  PIV  confirmed  separated  flow  up  to 
Reynolds  number  of  125,000  for  the  low  FSTI  condition.  As  Reynolds  number  increases,  the  separated  shear  layer 
transitions  from  laminar  to  turbulent  much  closer  to  the  separation  point.  This  is  accompanied  by  a  decrease  in 
separated  shear  layer  height  as  Reynolds  number  increases  and  transition  length  decreases.  At  FSTI  of  3.4%  the 
wake  loss  coefficient  increases  approximately  exponentially  as  Reynolds  number  is  decreased.  Cp  distribution  at 
the  higher  turbulence  level  indicated  separation  at  Reynolds  number  of  25,000  and  below  and  a  separation  bubble 
for  inlet  Reynolds  numbers  between  50,000  and  80,000,  which  was  the  highest  Reynolds  number  measured.  PIV 
and  flow  visualization  indicated  a  separation  bubble  at  Reynolds  number  down  to  50,000.  At  Reynolds  number  of 
40,000  the  averaged  velocity  field  indicated  separated  flow  with  multiple  circulation  regions  present  below  the 
separated  shear  layer.  At  a  Reynolds  number  of  25,000,  PIV  indicated  separated  flow  without  reattachment. 
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Using  Surface  Stress  Sensitive  Film 


Christopher  Marks1,  Chase  Nessler2,  Rolf  Sondergaard3,  Mitch  Wolff4, 
Air  Force  Research  Laboratory,  WPAFB,  OH,  45433 

Jim  Crafton5,  Sergey  Fonov6 
Innovative  Scientific  Solutions  Inc.,  Dayton,  OH  45440 


This  paper  presents  the  first  in  a  series  of  experiments  using  surface  stress  sensitive  film 
(S3F)  applied  to  a  highly  loaded  low  pressure  turbine  blade  (L1A)  developed  at  the  United 
States  Air  Force  Research  Laboratory  (AFRL).  This  effort  builds  upon  previous  work  that 
investigated  the  use  of  S3F  in  low  speed  flows  below  7  m/s.  The  tests  were  carried  out  in  a 
linear  cascade  facility  in  which  the  low  speed  flow  environment  along  with  a  high  degree  of 
flow  turning  over  the  blades  pushes  the  limits  of  the  S3F  technique.  In  this  initial  work,  two 
different  film  thicknesses  were  applied  to  the  blade  suction  surface  in  order  to  investigate  the 
film  sensitivity  and  determine  a  more  precise  region  of  interest  for  follow-on  work.  Flow 
visualization  was  used  to  evaluate  the  effect  of  the  film  on  the  suction  surface  flow.  Data  was 
acquired  at  Reynolds  numbers  of  6.0xl04  and  2.5xl04.  Shear  displacement  data  acquired 
with  S3F  indicated  regions  of  separated  and  attached  flow.  In  addition,  shear  displacement 
was  obtained  at  a  Reynolds  number  of  2.5xl04  in  an  unsteady  flow  environment  created  by  a 
periodic  wake  generator.  The  S3F  responded  to  the  impingement  of  periodic  wakes  across 
the  suction  surface  and  S3F  shows  promise  as  an  experimental  tool  for  studying  LP  turbine 
blade  unsteady  flow  characteristics. 
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Nomenclature 

axial  chord 

Force  in  the  x  direction  (tangential) 

S3F  thickness 

Normal  Stress,  or  Pressure 

Reynolds  number,  Re  =  p  Vin  Cx  /  p 

tangential  reaction  of  the  film 

normal  reaction  of  the  film 

shear  displacement  in  the  streamwise  direction 

velocity  magnitude 

inlet  velocity 

shear  displacement  in  the  cross-stream  direction 
density 

wall  tangential  shear  stress 
shear  modulus,  or  viscosity 
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I.  Introduction 

Low  pressure  (LP)  turbine  blades  are  prone  to  separation  and  reduced  efficiency  when  operating  at  high  altitude 
where  the  Reynolds  number  drops  to  values  that  allow  separated  flow  across  the  suction  side  surface.  In  an  effort  to 
increase  LP  turbine  efficiency  it  is  necessary  to  understand  the  flow  phenomena  associated  with  transition  and 
separation  over  the  blade.  The  current  paper  is  the  first  in  a  new  series  of  efforts  to  investigate  the  use  of  surface 
stress  sensitive  film  (S3F)  to  examine  the  flow  structure  on  the  suction  surface  of  LP  turbine  blades.  This  series  of 
work  will  build  upon  previous  investigations  that  utilized  S3F  to  investigate  flow  over  the  suction  surface  of  similar 
highly  loaded  LP  turbine  blades  at  low  Reynolds  number.  1-3 

S3F  is  a  relatively  new  method  of  measuring  surface  shear  stress  that  utilizes  an  elastic  film  which  deforms 
under  the  action  of  applied  loads.  The  displacement  of  markers  in  the  film  are  optically  measured,  then  spatially 
cross-correlated  with  a  wind-off  image,  and  converted  to  forces  using  a  physical  stress/strain  model  of  the  film.  The 
S3F  technique  is  sensitive  to  both  skin  friction  and  pressure  gradient,  however,  the  film  response  can  be  designed 
such  that  response  to  shear  forces  is  significantly  larger  than  its  response  to  normal  forces  (pressure).  This  behavior 
allows  the  S3F  to  operate  as  a  skin  friction  sensor,  even  in  the  presence  of  much  stronger  pressure  forces.4 

Previous  investigations  have  demonstrated  the  potential  of  S3F  in  flow  velocities  below  7  m/s1,  applied  to  a 
Pack-B  airfoil  in  a  linear  wind  tunnel.  It  was  found  that  the  sensitivity  of  the  film  is  critical  due  to  an  order  of 
magnitude  variation  of  shear  stress  gradients  from  leading  edge  to  trailing  edge  in  the  streamwise  direction. 
McQuilling  et  al.  demonstrated  the  use  of  S3F  applied  to  a  L2F  highly  loaded  LP  turbine  blade  in  a  linear  cascade, 
to  establish  the  separation  location  for  CFD  transition  model  validation.2  The  studies  by  McQuilling  et  al.2,3 
demonstrated  the  potential  of  S3F  for  identification  of  flow  features  along  the  suction  side  surface  of  a  blade  at  low 
velocity  and  also  identified  measurement  uncertainties  that  need  further  investigation.  Two  different  applications  of 
S3F  film  resulted  in  two  different  shear  stress  profiles  along  the  surface  of  the  blade.  Sensitivity  to  tunnel  vibration 
and  deformation  of  the  turbine  blades  in  the  wind  tunnel  was  identified  as  a  potential  source  of  uncertainty  with  the 
technique.2  In  addition,  S3F  was  applied  in  a  cavity  along  the  suction  surface  and  irregularities  in  the  data  were 
observed  that  may  have  been  due  to  disturbance  of  the  flow  by  the  S3F  not  being  perfectly  flat  or  flush  with  the 
blade  surface. 


A.  Current  Study 

The  current  study  is  the  first  in  a  new  series  of  investigations;  it  involves  the  application  of  several  different  S3F 
to  the  suction  surface  of  a  highly  loaded  LP  turbine  blade  to  check  the  installation  method,  film  sensitivity,  and 
identify  a  more  precise  region  of  interest  for  future  studies.  In  addition,  shear  displacement  field  measurements 
were  acquired  in  the  unsteady  flow  environment  created  by  a  periodic  wake  generator  to  investigate  the  use  of  S3F 
for  future  LP  turbine  blade  unsteady  flow  investigations.  In  order  to  address  sources  of  uncertainty  identified  by 
McQuilling  et  al.,1"3  markers  were  used  to  compensate  for  error  introduced  by  blade  deformation,  and  flow 
visualization  was  used  to  quantify  the  effect  of  the  film  installation  on  suction  side  flow  characteristics. 
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Figure  1.  Time  averaged  velocity  field  of  flow  over  the  suction  surface  of  L1A  LP  turbine  blades  at  the  Reynolds  numbers 

studied  in  this  paper.  5 


Experiments  were  performed  at  two  different  Reynolds  numbers  in  a  linear  cascade  of  seven  LI  A  LP  turbine 
blades.  The  two  Reynolds  numbers  analyzed,  6.0xl04  and  2.5xl04,  were  chosen  for  their  two  different  suction  side 
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flow  features.  A  previous  experimental  investigation  of  the  L1A  by  Marks  et  al.  identified  a  closed  reattaching 
separation  bubble  on  the  suction  side  surface  at  a  Reynolds  number  of  6.0xl04,  and  fully  separated  flow  when 
Reynolds  number  was  reduced  to  2.5x1 04.  Time  averaged  PIV  velocity  contour  plots  (Figure  1)  show  the  flow  over 
the  suction  surface  of  the  LI  A  at  the  two  Reynolds  numbers  investigated  in  this  work.  At  the  higher  Reynolds 
number  tested  (Figure  lb),  a  thin  reattaching  laminar  separation  bubble  is  present  on  the  suction  surface,  indicated 
by  the  region  of  low  velocity  along  the  suction  surface 
from  approximately  Cx=60%  to  85%.  At  the 
separation  point  the  laminar  boundary  layer  detaches 
from  the  surface  due  to  an  adverse  pressure  gradient. 

The  separated  shear  layer  transitions  to  turbulence  and 
then  reattaches.  At  the  lower  Reynolds  number  tested 
(Figure  lb)  the  boundary  layer  separates  and  does  not 
reattach.  In  between  the  separated  shear  layer  and 
the  blade  surface  is  a  large  vortex  in  which  the  flow  is 
reversed  along  the  blade  surface. 

A  schematic  of  the  flow  features  inside  a  closed 
reattaching  laminar  separation  bubble  is  shown  in 
Figure  2.  Just  aft  of  the  separation  point  is  a  “dead 
region”  of  near  zero  velocity,  and  just  forward  of  the 
reattachment  point  is  a  vortex  of  reversed  flow. 

By  definition  of  wall  shear  stress  in  a  boundary  layer  (eq.  1),  streamwise  shear  is  greater  than  zero  in  regions  of 
attached  flow,  zero  at  separation  points,  and  negative  in  areas  of  reversed  flow. 


Figure  2.  The  time  averaged  flow  structure  of  a  laminar 
separation  bubble.6 
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Figure  3.  Wall  shear  stress  direction  based  on  streamwise,  wall  normal  velocity  gradient.  Image  modified  from  White7. 


The  current  study  uses  a  surface  stress  sensor  made  of  an  elastic  polymer  film  to  obtain  the  film  shear 
displacement  field  and  shear  stress  along  the  blade  suction  surface,  which  provides  visualization  of  the  surface  flow 
features  discussed  above.  S3F’s  ability  to  measure  a  surface’s  shear  stress  field  makes  it  a  useful  sensor  for  both 
qualitative  and  quantitative  indication  of  surface  flow  features  and  separation. 


II.  Surface  Stress  Sensitive  Film 

S3F  is  an  elastic  polymer  film  that  deforms  to  applied  normal  and  tangential  forces.  Film  displacement  is 
measured  optically,  then  spatially  cross -correlated  with  a  wind-off  image  to  obtain  the  two  dimensional  tangential 
displacement  field.  The  normal  force  can  be  measured  using  the  fluorescence  signal  emitted  from  a  fluorescent 
probe  embedded  in  the  S3F.  The  shear  stress  and  pressure  gradients  are  calculated  from  the  displacement  field  by 
solving  the  inverse  problem  using  a  finite  element  model  of  the  elastic  film.4 

The  film  is  sensitive  to  both  tangential  and  normal  stresses,  but  the  film  can  be  designed  to  be  more  sensitive  to 
stresses  in  one  direction  than  the  other.  At  spatial  frequencies  (thickness/contact  surface)  below  0.1  (thin  films)  film 
response  can  be  modeled  mathematically  by  equation  2. 
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In  equation  2,  the  surface  normal  (Ry)  and  tangential  (Rx)  reaction  of  the  film  is  written  in  terms  of  the  film 
thickness  (h),  shear  modulus  (p),  tangential  stress  (tx),  and  normal  stress  (P).  Note  that  the  x-direction  reaction  of  the 
film  is  a  function  of  the  applied  tangential  force  and  the  pressure  gradient.  Furthermore,  the  pressure  gradient  is 
weighted  by  the  film  thickness.  These  equations  may  be  used  as  a  design  tool  for  the  films.  If  one  is  interested  in 
skin  friction,  a  thin  film  will  mitigate  the  response  to  pressure  gradients  relative  to  shear  forces.  For  example  a  100- 
pm  film  with  a  1-kPa/m  pressure  gradient  and  a  1-Pa  shear  would  respond  to  the  shear  force  with  an  amplitude  that 
is  20X  larger  than  the  amplitude  of  the  response  to  the  pressure  force.  Conversely,  pressure  forces  would  be  more 
significant  in  the  response  of  a  thick  film.4 

Quantifying  and  improving  upon  the  sources  of  uncertainty  of  S3F  measurements  is  an  on-going  effort.  Crafton 
et  al.4  identified  the  dominant  error  sources  of  shear  stress  measurement  using  S3F  as  tangential  displacement  and 
film  thickness.  Experiments  using  fully  developed  channel  flow  resulted  in  skin  friction  measurements  with  an  error 
of  about  6%  full  scale,  demonstrating  that  S3F  is  a  powerful  quantitative  tool. 

III.  Experimental  Setup 


B.  Experimental  Facility 

The  facility  used  in  this  project  was  the  AFRL  Low  Speed  Wind  Tunnel  (LSWT),  which  has  been  described  by 
Sondergaard  et  al.,8  and  Bons  et  al.9  A  photograph  of  the  wind  tunnel  and  a  schematic  of  the  test  section  are  shown 
in  Fig.  1  &  2.  The  wind  tunnel  test  section  is  0.85m  tall  by  1.22m  wide  at  the  inlet  and  houses  the  linear  turbine 
cascade.  A  125-hp  electric  motor  drives  an  axial  flow  fan  which  draws  air  through  the  test  section  at  up  to  80m/s. 
The  wind  tunnel  flow  uniformity  is  better  than  1%  with  a  FSTI  of  approximately  0.5%.  An  optional  turbulence 
generation  grid  can  be  used  to  increase  the  freestream  turbulence  up  to  a  maximum  of  approximately  12%.  In  this 
study  data  was  taken  with  a  turbulence  grid  providing  a  FSTI  of  3.4%3. 

In  addition  to  control  of  isotropic  freestream  turbulence  the  facility  has  a  unique  internally  mounted  periodic 
wake  generator  described  in  Nessler  et  al.10  The  wake  generator  creates  periodic  wakes  that  traverse  across  the 
linear  cascade  row  to  simulate  the  periodic  unsteadiness  found  in  a  real  turbine  environment.  In  this  work  the  wake 
generator  speed  was  adjusted  to  obtain  a  flow  coefficient  of  0.8.  Cylindrical  rods  3.2  mm  in  diameter  were  used  to 
generate  the  wakes.  This  rod  diameter  was  chosen  because  it  matches  the  turbine  blade  trailing  edge  diameter.  The 
wake  generating  rods  were  spaced  0.178  m  apart.  Data  measured  with  the  periodic  wake  generator  is  presented  by 
phase,  each  phase  corresponding  to  one  wake  passing  period  (76  ms)  divided  into  12  phases. 

The  linear  cascade  has  7  blades  with  a  span  of  0.88m  and  an  axial  chord  of  0.18m.  The  LI  A  profile  studied  was 
designed  by  John  Clark  of  AFRL  and  is  described  by  Bons  et  al.11  It  is  a  highly  loaded,  slightly  more  aft-loaded 
version  of  the  L1M  profile  with  a  design  Zweifel  coefficient  of  1.34.  The  cascade  has  a  solidity  of  0.99  and  a  design 
inlet  flow  angle  of  55°  and  design  exit  angle  of  30°  from  the  plane  of  the  cascade.  Wake  loss  coefficient,  surface 
pressure  coefficient,  and  PIV  images  in  the  blade  normal  and  spanwise  directions  were  recorded  for  a  variety  of 
Reynolds  numbers  and  freestream  conditions  by  Marks  et  al.5 
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Figure  4.  AFRL  Low  Speed  Wind  Tunnel  Facility.  Figure  5.  Top  view  of  LSWT  test  section. 
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C.  S3F  Technique 

The  S3F  experimental  setup  is  shown 
in  Figure  6.  S3F  was  installed  on  blade  4 
of  the  LP  turbine  cascade.  Images  were 
acquired  with  a  commercial,  high 
resolution  CCD  camera  (PCO  4000)  with  a 
resolution  of  4008  x  2680  pixels.  A 
Nikkor  105  mm  f2.8  lens  set  to  an  aperture 
of  f8  was  fitted  to  the  camera.  The  camera 
was  mounted  between  the  tailboard  and  the 
wind  tunnel  outer  wall  which  provided  a 
view  from  Cx  =  50%  to  90%.  A  Novatron 
flashlamp  with  flash-on  time  on  the  order 
of  several  hundred  microseconds  was  used 
to  illuminate  the  S3F.  Data  was  obtained 
for  two  different  film  thicknesses.  The 
first  film  was  1.5  mm  thick,  and  the  second 
film  was  0.3  mm  thick,  both  on  a  2.5  mil  substrate.  The  thinner,  0.3  mm  thick  film  had  a  shear  modulus  of  120  Pa, 
and  the  thicker  1.5mm  thick  film  had  a  shear  modulus  of  110  Pa.  Film  calibration  was  determined  by  harmonic 
excitation  in  which  the  film  shear  modulus  is  determined  by  placing  a  small  weight  on  the  film  and  determining  the 
first  tangential  oscillation  frequency.  This  method  of  film  calibration  is  dependent  on  oscillation  frequency,  film 
thickness,  and  film  density. 

The  1.5  mm  thick  film  (Fig.  7)  covered  the  full  length  of  the  suction  surface  and  the  ends  of  the  film  were 
wrapped  around  the  leading  edge  and  trailing  edge  of  the  blade  in  order  to  minimize  the  impact  of  the  film  on  the 
suction  surface  flow  structure.  The  0.3  mm  thick  film  extended  from  approximately  Cx=20%  and  wrapped  around 
the  blade  trailing  edge.  The  two  film  installations  are  shown  in  Figure  7  and  Figure  8.  Both  films  were  glued  to  the 
surface  of  the  blade.  These  two  different  installations  provided  a  check  as  to  whether  either  film  had  an  effect  on  the 
gross  flow  structure  across  the  blade  suction  surface.  Flow  visualization  was  used  to  compare  the  suction  surface 
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Figure  7.  1.5  mm  thick  S3F  installed  on  blade  suction 
surface.  The  leading  edge  area  is  shown. 


Figure  8.  0.3  mm  thick  S3F  installed  on  blade  suction 
surface.  The  leading  edge  of  the  film  is  shown. 


flow  structure  without  S3F  installed,  to  the  flow  with  1.5  mm  thick  S3F,  and  0.3  mm  thick  S3F  installed. 

Planned  follow-on  work  will  utilize  alternative  S3F  application  techniques  such  as  spray-on  films,  or  small 
cavities  filled  with  S3F  placed  in  areas  of  interest  on  the  suction  side  of  the  blade.  Examples  of  S3F  applied  by 
filling  a  cavity  with  S3F,  and  by  spraying  the  polymer  components  on  to  the  surface  of  the  model  are  shown  in 
Figure  9.  These  application  methods  are  expected  to  have  minimal  effect  on  the  suction  side  flow.  In  addition  to 
minimizing  flow  perturbation,  forming  the  film  in  cavities  provides  good  control  of  the  film  thickness  and  physical 
properties,  and  control  of  these  parameters  is  necessary  for  quantitative  measurement  of  pressure  and  skin  friction.4 
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a.  b. 

Figure  9.  Samples  of  S3F  applied  by  a.)  filling  a  cavity,  and  b.)  spray -on  with  an  airbrush. 


D.  Flow  Visualization  Technique 

The  flow  visualization  technique  involved  illuminating  seeding  particles  with  a  thin,  laser-light  sheet  and 
recording  the  light  scattered  by  the  seeding  particles  in  a  series  of  instantaneous  images.  The  laser-light  sheet  was 
formed  by  a  combination  of  spherical  and  cylindrical  lenses.  The  flow  was  seeded  with  a  fog  mixture  of  propylene 
glycol  and  water. 

The  laser  and  camera  were  mounted  on  optical  breadboards  located  directly  underneath  and  adjacent  to  the 
cascade.  The  laser  was  a  dual-head  (532-nm),  frequency  doubled,  flashlamp -pumped  Nd:YAG  laser  (New  Wave 
Solo  -  120).  The  laser  was  capable  of  delivering  dual  120  mJ  pulses  at  repetition  rates  of  up  to  15Hz. 

Mie  scattering  from  the  seed  particles  was  recorded  on  commercial,  high-resolution  CCD  digital  camera  sensors 
(PCO1600)  with  a  resolution  of  1600  by  1200  pixels.  Images  were  recorded  at  a  frequency  of  10Hz.  The  camera 
was  mounted  underneath  the  test  section  looking  through  a  1.25cm  thick  clear  plexiglass  cascade  bottom  plate, 
approximately  40cm  from  the  plane  of  the  light  sheet.  The  camera  was  fitted  with  a  35 -70mm  f2.8  lens  which 
provided  a  field  of  view  of  152mm  by  1 13mm. 
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Figure  10.  Flow  visualization  experimental  setup. 
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IV.  Results 


A.  S3F,  Steady  Flow 

Instantaneous  wind-off  and  wind-on  images  of  the  S3F  were  spatially  cross -correlated  to  obtain  two  dimensional 
shear  displacement  fields.  Markers  on  the  edge  of  the  S3F  substrate  were  used  to  cancel  out  sources  of  error  during 
the  cross-correlation  process.  In  the  presence  of  low  pressure  gradients,  and  when  film  thickness  is  small,  shear 
displacement  relates  to  shear  stress  by  a  linear  transformation  (see  eq.  2).  The  accuracy  of  the  calculation  of  shear 
stress  from  the  shear  displacement  field  is  highly  dependent  on  the  measurement  of  the  S3F  material  properties.  For 
this  initial  work,  the  majority  of  the  data  is  presented  as  shear  displacement.  Time  averaged  shear  stress  was 
calculated  for  the  1.5mm  thick  film  at  a  Reynolds  number  of  6.0xl04  and  compared  to  wall  shear  stress  calculation 
using  Cole’s  law  of  the  wake  downstream  from  the  separation  bubble  reattachment  point,  and  as  described  in  refs.  2 
and  7. 

Data  was  obtained  at  two  different  Reynolds  numbers  for  each  of  the  two  films  tested.  Instantaneous  and  mean 
contour  plots  of  the  shear  displacement  field  are  presented  in  Figure  11  &  Figure  12,  and  a  line  plot  of  the  u  and  w 
component  of  shear  displacement  in  Figure  13.  The  camera  was  mounted  so  that  the  image  plane  was  parallel  to 
the  aft  portion  of  the  blade.  From  the  trailing  edge  to  approximately  Cx  =65%  the  relationship  between  wall  distance 
and  the  x-dimension  of  the  image  plane  is  constant.  Forward  of  Cx  =  65%  the  high  curvature  of  the  blade  profile 
results  in  a  nonlinear  relationship  between  wall  distance  and  the  x-direction  of  the  image  plane.  Shear  displacement 
results  listed  with  units  of  pixels  corresponds  to  shear  displacement  in  the  image  plane.  Shear  stress  results  were 
calculated  in  the  wall  tangential  direction  by  converting  displacement  from  pixels  to  surface  length  using  a  scale 
glued  to  the  blade  surface. 

A  small  area  of  erroneous  data  is  present  in  the  plots  at  x/d  =  0.7  and  y/d  =  0.35  that  could  not  be  compensated 
for  due  to  physical  constraints  on  the  experimental  setup.  Future  work  will  be  able  to  eliminate  this  erroneous  area. 


_ i _ i _ i _ I _ i _ i _ i _ l _ i _ i _ i _ l _ i _ i _ i _ I 

0.2  0.4  0.6  0.8  1  0.2  0.4  0.6  0.8  1 

x/d  x/d 


a. )  Re  =  60k,  1.5  mm  thick  S3F 


b. )  Re  =  60k,  0.3  mm  thick  S3F 


y/d 


Udispfpx):  -0.40  -0.37  -0.33  -0.30  -0.26  -0.23  -0.19  -0.16  -0.12  -0.09  -0.05  -0.02  0.02  0.05  0.09  0.12  0.16  0.19  0.23  0.26  0.30  0.33  0.37  0.40 

Figure  11.  Streamwise  instantaneous  shear  displacement  field  at  two  different  Reynolds  numbers  for  each  S3F  film  tested. 

Separation  and  reattachment  areas  are  labeled  with  an  S  or  R. 
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The  instantaneous  shear  displacement  field  at  a  Reynolds  number  of  6.0  x  104  is  very  interesting  (Figs  11a  and 
lib).  The  data  indicates  a  vertical  line  of  zero  shear  corresponding  to  a  separation  point  at  Cx  ~  60%  for  the  1.5mm 
thick  S3F.  The  direction  of  shear  force  is  in  the  downstream  direction  prior  to  the  separation  point  and  then  reverses 
direction  downstream  of  the  separation  point  up  to  Cx  ~  84%.  Another  location  of  zero  shear  is  located  at  Cx  ~  84% 
corresponding  to  reattachment.  A  similar  flow  behavior  is  observed  for  the  instantaneous  shear  displacement  field 
of  the  thinner  film.  The  most  noticeable  difference  between  the  two  different  films  is  a  less  uniform  separation 
location,  and  a  shift  in  the  reattachment  location  upstream  several  percent  for  the  thinner  film.  In  addition  the 
thinner  film  displacement  field  has  a  much  stronger  spanwise  (vertical)  component  at  the  upstream  side  of  the  view. 
It  is  not  clear  as  whether  this  is  due  to  a  flow  interaction  with  the  film  installation,  or  perhaps  uncertainty  in  the 
calculation  of  the  tangential  velocity  component. 

The  instantaneous  shear  displacement  field  of  the  thinner  film  at  a  Reynolds  number  of  2.5x1 04  has  a  significant 
spanwise  component  through  much  of  the  view.  The  separation  location  cannot  be  clearly  identified  in  the 
instantaneous  image  and  may  have  moved  several  percent  chord  upstream.  The  shear  displacement  in  the  separated 
region  is  very  small  for  the  thinner  film  tested,  which  increases  the  uncertainty  of  the  measurement.  The  thicker 
film  (Fig.  11c)  indicates  an  area  of  reversed  flow  on  the  upstream  side  of  the  image  view,  followed  by  very  small 
streamwise  and  spanwise  displacement  from  Cx=75%  to  the  end  of  downstream  side  of  the  image  view.  It  appears 
the  separation  point  has  moved  to  the  edge  of  the  image  view,  or  upstream  out  of  the  view. 

It  is  important  to  note  that  in  the  view  shown,  the  blade  surface  curves  away  from  the  camera  starting  at  about 
x/d  =  0.3.  At  the  lowest  flow  conditions  studied,  the  shear  displacement  of  the  S3F  is  on  the  order  of  0.1  pixels. 
The  curvature  of  the  blade  reduces  displacement  in  the  image  plane  towards  the  left  edge  of  the  view,  decreasing  the 
signal  to  noise  ratio.  If  the  camera  was  moved  closer  to  the  test  article,  or  a  larger  zoom  lens  was  used,  pixel 
displacement  would  increase,  and  the  effect  of  the  blade  curvature  would  be  reduced.  Future  studies  will  address 
methods  of  increasing  shear  displacement  by  zooming  in  on  the  region  of  interest. 

The  mean  shear  displacement  field  is  shown  in  Figure  12  for  Re=6.0xl04.  A  relatively  uniform  separation  line 
is  located  at  Cx  ~  57%  for  the  thicker  S3F,  and  less  spanwise  uniform  separation  location  between  Cx  ~  55-60%  for 
the  thinner  S3F.  At  Re=6.0xl04  both  the  instantaneous  and  mean  shear  displacement  plots  qualitatively  agree  with 
the  laminar  separation  bubble  flow  structure  shown  in  Figure  2.  An  area  of  reversed  flow  is  observed  just 
downstream  of  the  separation  line,  followed  by  a  region  of  relatively  constant  magnitude  reversed  shear,  followed 
by  an  area  of  larger  magnitude  reversed  shear  just  upstream  of  the  reattachment  location.  The  area  of  high  increased 
shear  magnitude  just  prior  to  the  reattachment  location  corresponds  to  the  reversed  flow  vortex  that  was  illustrated  in 
Figure  2. 


a. )  Re  =  6.0xl04,  1.5  mm  thick  S3F  b. )  Re  =  6.0xl04,  0.3  mm  thick  S3F 

Figure  12.  Mean  shear  displacement  at  Re  =  6.0  x  104  colored  by  stream-wise  direction  displacement.  Separation  and 

reattachment  areas  are  labeled  with  an  S  or  R. 
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a. )  Re  =  60k  displacement  field 


Line  plots  extracted  at  y/d  =  0.2 
are  shown  in  Figure  13.  Comparing 
the  shear  displacement  along 
y/d=0.2  at  Re=6.0xl04  measured  by 
the  two  films,  both  film  indicate  a 
separation  bubble,  with  a  small  shift 
in  separation  point,  and  a  larger  shift 
in  reattachment  point.  This  is  likely 
due  to  an  effect  of  the  two  different 
film  installations  on  the  suction  side 
flow. 

At  the  lower  flow  speed  tested 
(Fig.  13b)  shear  displacement  is 
much  lower  increasing  the 
uncertainty  of  the  results.  Both 
films  indicate  a  large  cross-stream 
displacement,  potentially  an 
indicator  of  error  due  to  the  lower 
overall  pixel  displacement. 

Pressure  coefficient  presented  in 
Marks  et  al.5  along  the  blade  surface 
is  shown  in  Figure  14  compared  to 
S3F  obtained  instantaneous  shear 
forces  in  the  stream- wise  (x-dir)  and 
cross-stream  (z-dir)  at  Re=6.0xl04. 

The  pressure  coefficient 
measurements  indicated  a  separation 
bubble  which  is  evident  by  the 
plateau  in  the  suction  surface 
pressure  distribution  located 
between  Cx=62%  to  78%.  The  flow 
reattaches  somewhere  between 
Cx=78%  and  83%.  The  spatial 
resolution  of  the  pressure  coefficient 
data  with  respect  to  locating 
separation  and  reattachment  points  is 
limited  to  the  spacing  of  pressure 
taps  located  on  the  suction  surface. 

S3F  offers  an  additional  sensor  with 
greater  spatial  resolution  to  identify 
areas  of  separated  flow.  The 
location  of  flow  separation  obtained 
with  the  S3F  is  consistent  with  the 
pressure  coefficient  data.  The  mean 
wall  shear  displacement  shown  in  Figure  12  &  Figure  14  indicated  the  separation  point  is  between  Cx~55-60%  with 
reattachment  between  Cx~82-84%.  This  agrees  to  within  a  few  percent  chord  with  the  separation  bubble  location 
indicated  by  pressure  coefficient  measurement  by  Marks  et  al.5 

The  mean  streamwise  shear  force  measured  with  the  thicker  S3F  at  Re=6.0xl04  was  compared  to  calculation  of 
wall  shear  stress  by  Coles’  law  of  the  wake7.  The  turbulent  boundary  layer  velocity  distribution  measured  by  PIV 
and  reported  in  Marks  et  al.  was  used  to  calculate  shear  force.  The  calculated  shear  force  and  measured  shear  force 
agree  very  well,  however,  additional  work  needs  to  be  done  to  quantify  the  uncertainty  of  both  experimental 
calculations. 
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Figure  13.  Shear  displacement  components  extracted  along  y/d  =  0.2. 
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B.  S3F  with  Periodic  Wakes 

S3F  data  was  also  obtained  at  a  Reynolds  number  of  2.5xl04  using  the  0.3mm  thick  S3F  in  the  presence  of 
periodic  wakes.  The  range  of  the  linear  frequency  response  of  an  elastic  layer  is  limited  by  the  first  natural 
frequency  (/G)  of  tangential  oscillation.4  This  can  be  estimated  by  modeling  a  mass  on  an  elastic  surface  as 

(3) 


fo=^~ 


M 


Blade  4 
(S3F) 


2n  \  p  h 

where  p  is  the  film  density,  h  is  the  film  thickness,  and  p  is  the  shear  modulus.  For  a  constant  shear  modulus,  and 
film  density,  frequency  response  is  proportional  to  tfi  of  thickness  as  in  equation  3. 4  The  frequency 

response  of  the  thinner  film 
is  several  times  higher  than 
the  thicker  film,  and  thus 
was  used  for  surface  stress 
measurement  in  the 
presence  of  the  periodic 
wake  generator.  The 
frequency  response  of  the 
0.3mm  thick  S3F  was 
estimated  to  be  197  Hz. 

The  wake  passing 
frequency  was  13  Hz, 
which  means  the  S3F  had 
sufficient  temporal 

response  to  resolve  the 
periodic  unsteadiness  of  the 
wake  passing. 

The  wake  generator 
was  configured  to  provide 
a  flow  coefficient  of  0.8. 

Data  was  acquired  with  Figure  15.  Location  of  wake  generating  rod  at  each  phase. 

both  S3F  films  at  12  phases  of  wake  passing.  Nessler  et  al.12  has  used  PIV  to  examine  the  effect  of  wake  passing  at 
these  flow  conditions  for  one  wake  passing  period  split  into  6  phases.  The  6  phases  used  by  Nessler  et  al.  were 
formed  by  dividing  one  wake  passing  period  into  6.  In  this  paper  one  wake  passing  was  divided  into  12  phases  as 
shown  in  Figure  15.  Phases  1-6  of  Nessler  et  al.  correspond  to  phases  1,3,5,7,9,11  of  this  paper. 
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The  non-dimensional  velocity  fields  obtained  by  Nessler  et  al.  are  shown  in  Figure  16  for  reference.  The  wake 
has  a  significant  effect  on  the  suction  side  flow,  and  reattaches  the  boundary  layer. 


f.)  Phase  1 1 


|  V  |  /  Vin:  0.1  0.2  0.4  0.6  0.7  0.9  1.1  1.2  1.4  1.6  1.8  1.9  2.1 

Figure  16.  Non-dimensional  velocity  profile  for  6  phases  of  wake  passing,  Re  =  2.5  x  104,  flow  coefficient  =  O.8.12 


The  velocity  fields  of  Figure  16  show  the  effect  of  a  wake  traversing  through  the  passage.  Phase  1  shows  the 
wake  pushing  a  separation  bubble  (at  x/d  =  0.8)  down  the  length  of  the  suction  surface.  The  separation  bubble  has 
moved  out  of  the  view  by  phase  3,  or  at  least  decreased  in  height.  A  separation  bubble  is  not  immediately  obvious 
in  the  velocity  fields  of  phases  5-7,  but  fidelity  near  the  surface  of  the  wall  is  limited  in  the  large  fields  of  view.  In 
phase  9  the  boundary  layer  appears  to  have  reattached  and  a  closed  separation  bubble  has  reformed.  Phase  1 1  shows 
the  separation  bubble  in  roughly  the  same  location  as  phase  9,  but  two  phases  later,  during  Phase  1,  the  bubble  has 
been  pushed  down  the  suction  surface  by  an  approaching  wake. 

Shear  displacement  fields  for  each  phase  of  wake  passing  are  shown  in  Figure  17  for  flow  conditions  comparable 
to  the  velocity  fields  presented  in  Figure  16.  Approximate  reattachment  points  are  labeled  with  an  ‘R\ 


11 

American  Institute  of  Aeronautics  and  Astronautics 

092407 


30 

Approved  for  public  release;  distribution  unlimited. 


0.4 


02  m 


g. )  Phase  7 


02 


0.4 


0.6 


0.8 


0.4  fL  JJJ  U  -  ■  ■  . -I 

* 


0  2  ± 


**  ^ 


y 


J 


04' 


^■m 

\1J 

\krM 


f. )  Phase  6 


4WWWV  A®*  ^  »<s* 

04 


-vVkf  l  \mV-^ 

I  i 


0.2 


0.4 


j. )  Phase  10 


0.6 


08 


u  disp  (px) 

0.30 
0.27 
0.25 
0.22 
0.20 
0.17 
0.14 
0.12 
0.09 
0.07 
0.04 
0.01 
-0.01 
-0.04 
-0.07 
—  -0.09 
-0.12 
-0.14 
-0.17 
-0.20 
-0.22 
-0.25 
-0.27 
-0.30 


Figure  17.  0.3mm  thick  S3F  film  u  displacement  (streamwise  direction)  for  12  phases  of  wake  passing  at  a  Re=2.5xl04 
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The  shear  displacement  field  data  indicates  the  S3F  responded  to  the  changes  in  suction  side  flow  due  to  wake 
passing.  In  phase  1,  the  shear  displacement  field  indicates  a  likely  separation  point  near  Cx=62-65%,  followed  by  an 
area  of  relatively  large  vertical  velocity  content,  then  reattachment  at  Cx~87%.  By  phase  2,  a  reattachment  point  is 
not  obvious  and  may  have  moved  to  the  right  edge  or  off  the  downstream  side  of  the  view.  Looking  at  the  sequence 
of  phase  3-4  the  flow  is  gradually  less  uniform,  and  no  reattachment  point  is  obvious  in  the  view.  By  phase  5  the 
flow  is  disorganized  from  Cx=50%  to  Cx  ~  85%,  after  which  the  shear  stress  changes  directions  to  point 
downstream,  due  to  boundary  layer  reattachment.  Phases  5-9  all  indicate  the  reformation  and  presence  of  a 
separation  bubble  with  flow  reattachment  between  Cx=80  -85%. 

The  trends  of  shear  displacement  in  Figure  17  agree  well  with  the  PIV  data  taken  by  Nessler  et  al.12  (Fig.  16)  at 
the  same  flow  conditions.  The  wake  passing  pushes  the  separation  bubble  towards  the  trailing  edge  during  phases 
1-4.  The  shear  field  indicates  reattachment  by  phase  5,  and  through  phase  12.  Reattachment  was  not  obvious  in  the 
non-dimensional  velocity  fields  obtained  with  PIV  until  phase  9.  This  could  be  due  to  an  effect  of  the  S3F  on  the 
suction  surface  flow,  or  a  result  of  the  limited  fidelity  of  the 
PIV  near  the  surface. 

C.  Comparison  of  S3F  installations  using  flow 
visualization 

Flow  visualization  was  used  to  look  for  an  effect  of  the 
film  on  the  suction  side  flow  characteristics  at  each  Reynolds 
number  tested.  The  two  S3F  films  analyzed  differed  in 
thickness  and  installation  location.  The  thicker,  1.5mm  thick 
film  was  wrapped  around  the  leading  edge  and  trailing  edge 
of  the  blade  to  ensure  there  was  no  large  protrusion  on  the 
suction  surface  to  trip  the  boundary  layer.  It  was  expected 
that  the  relatively  large  thickness  of  the  film  could  however, 
still  have  an  effect  on  the  suction  surface  flow.  The  thinner, 

0.3mm  thickness  film  was  placed  from  approximately 
Cx=20%  to  the  trailing  edge  of  the  blade.  In  addition,  the 
leading  edge  of  the  0.3  mm  film  was  created  with  a  small 
slope  in  order  to  minimize  perturbation  of  the  boundary  layer. 

Instantaneous  flow  visualization  is  presented  in  Figure  18- 
Figure  19  at  each  Reynolds  number  tested. 

The  flow  visualization  proved  useful  for  identification  of 
separation  location.  At  a  Reynolds  number  of  2.5xl04  (Figure 
18)  the  separation  location  varied  slightly  between 
instantaneous  images,  but  overall  the  separation  location  did 
not  shift  significantly  with  the  0.3mm  thick  film,  but  did  shift 
slightly  downstream  with  the  thicker  film.  By  inspection  of 
several  images,  the  separation  point  at  Re  2.5x1 04  was  at  Cx  ~ 

58%,  60%  and  58%  for  the  cases  of  no  film,  1.5  mm  thick 
film,  and  0.3  mm  thick  film  respectfully. 

At  a  Reynolds  number  of  6.0x1 04  the  separation  point 
moved  slightly  upstream  with  the  thicker  film  installed.  The 
separation  point  was  at  Cx  ~  61  %,  59%,  and  61%. for  the 
cases  of  no  film,  1.5  mm  thick  film,  and  0.3  mm  thick  film 
respectfully.  The  flow  visualization  indicate  that  the  thicker 
1.5mm  film  had  an  effect  on  the  flow.  The  most  noticeable 
effect  is  movement  of  the  separation  location.  The  0.3mm 
film  had  very  little  effect  on  the  flow  when  viewed  in  a  blade 
normal  plane.  The  separation  line  however,  did  not  look 
uniform  in  the  span  wise  direction  of  the  S3F  measured  shear 
displacement  field. 


I 


a.)  Re  =  2.5  x  104,  no  S3F  film  (baseline) 


c.)  Re  =  2.5  x  104,  0.3  mm  thick  S3F 

Figure  18.  Instantaneous  flow  visualization  at 
Re=2.5xl04  for  each  film  tested. 
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V.  Conclusion 

The  two  S3F  sensors  tested  in  this  work  were  used  to 
check  that  film  sensitivity  and  locate  a  more  precise  region 
of  interest  for  follow-on  tests.  At  a  Reynolds  number  of 
6.0xl04,  shear  displacement  fields  obtained  with  each  S3F 
film  tested  indicated  a  separation  bubble  on  the  suction 
surface  of  the  blade  which  agreed  with  previous 
experiments.  As  Reynolds  was  decreased  to  2.5x1 04,  the 
suction  surface  flow  separates  and  does  not  reattach.  The 
thicker  1.5mm  film  had  larger  shear  displacement  magnitude 
than  the  thinner  0.3mm  film,  but  flow  visualization  indicated 
the  film  shifted  the  separation  location  several  percent  axial 
chord.  The  flow  visualization  indicated  the  thinner  0.3mm 
film  had  little  effect  on  separation  location,  but  the  shear 
displacement  field  indicated  a  non-uniform  separation 
location  in  the  spanwise  direction.  The  discrepancy  between 
the  flow  visualization  and  S3F  indicated  separation  point 
requires  further  investigation.  It  may  be  due  to  a  three 
dimensional  effect  from  the  film  installation,  or  experimental 
uncertainty.  The  0.3mm  film  captured  the  unsteady  effects 
of  the  moving  wake  generator  and  shear  displacement  field 
agreed  well  with  PIV  data  taken  by  Nessler  et  al.12  The 
shear  measurements  could  be  improved  in  future 
experiments  by  moving  the  camera  closer  to  the  film,  or 
using  a  larger  focal  length  lens.  This  work  demonstrates  that 
S3F  is  a  powerful  sensor  for  both  qualitative  and  quantitative 
studies  of  both  steady  and  unsteady  flows  found  in  low 
pressure  turbines. 
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b.)  Re  =  =  6.0  x  104,  1.5  mm  thick  S3F 


Figure  19.  Instantaneous  flow  visualization  at 
Re=6.0xl04  for  each  film  tested. 


References 

1  McQuilling,  M.,  Wolff,  M.,  Fonov,  S.,  Crafton,  J.,  Sondergaard,  R.,  “An  Experimental  Investigation  of  a  Low-Pressure 
Turbine  Blade  Suction  Surface  Using  a  Shear  and  Stress  Sensitive  Film”,  Experiments  in  Fluids ,  V.  44,  No.  1,  pp.  73-88. 

2  McQuilling,  M.,  Wolff,  M.,  Fenov,  S.,  Crafton,  J.,  and  Sondergaard,  R.,  “An  Experimental  Investigation  of  Suction  Surface 
Flow  Features  on  a  High-Lift  LPT”,  AIAA  Paper  No.  2008-79. 

3  McQuilling,  M.,  “Design  and  Validation  of  a  High-Lift  Low-Pressure  Turbine  Blade,”  Ph.D.  Dissertation,  Mechanical  and 
Material  Engineering  Dept.,  Wright  State  Univ.,  Dayton,  OH,  2007. 

4  Crafton,  J.,  Fonov,  S.,  Forlines,  A.,  Goss,  L.,  “Skin  Friction  Measurements  Using  Elastic  Films”,  AIAA  Aerospace  Sciences 
Meeting ,  AIAA,  Orlando,  FL,  2010.  (to  be  published) 

5  Marks,  C.,  Sondergaard,  R.,  Estevadeordal,  J.,  Wolff,  M.,  “A  Spanwise  and  Streamwise  PIV  Investigation  of  Transitional 
Flow  Around  a  Highly  Loaded  LPT  Blade  Using  a  Curved  Laser  Sheet”,  AIAA  Paper  No.  2009-301,  AIAA  Aerospace  Sciences 
Meeting ,  AIAA,  Orlando,  FL,  2009. 

6  Horton,  H.  P.  1968  Laminar  separation  in  two  and  three-dimensional  incompressible  flow.  PhD  Dissertation,  University  of 
London. 

7  White,  F.,  Viscous  Fluid  Flow ,  2nd  ed.,  McGraw-Hill,  Inc.,  1991. 

14 

American  Institute  of  Aeronautics  and  Astronautics 

092407 

33 

Approved  for  public  release;  distribution  unlimited. 


8  Sondergaard,  R.,  Rivir,  R.,  Bons,  J.,  “Control  of  Low-Pressure  Turbine  Separation  Using  Vortex  Generator  Jets”,  Journal  of 
Propulsion  and  Power ,  Vol  18,  No.  4,  pp.  889-895,  2002. 

9  Bons,  J.,  Sondergaard,  R.,  Rivir,  R.,  “Control  of  Low  Pressure  Turbine  Separation  Using  Vortex  Generator  Jets”,  AIAA 
2004-2201,  June  2004. 

10  Nessler,  C.,  Marks,  C.,  Sondergaard,  R.,  Wolff,  M.,  “An  Investigation  of  Losses  on  a  Highly  Loaded  Low  Pressure 
Turbine  Blade  with  Unsteady  Wakes”,  AIAA  Paper  No.  2009-302,  AIAA  Aerospace  Sciences  Meeting ,  AIAA,  Orlando,  FL, 
2009. 

11  Bons,  J.,  Pluim,  J.,  Gompertz,  K.,  Bloxham,  M.,  Clark,  J.,  “The  Application  of  Flow  Control  to  an  Aft-Loaded  Low 
Pressure  Turbine  Cascade  with  Unsteady  Wakes”,  ASME  Paper  No.  GT2008 -50864. 

12  Nessler,  C.,  Marks,  C.,  Sondergaard,  R.,  Wolff,  M.,  “PIV  Investigation  of  Periodic  Unsteady  Wakes  over  a  Highly 
Loaded  Low  Pressure  Turbine  Blade”,  AIAA  Paper  No.  2009-5107,  AIAA  Joint  Propulsion  Conference ,  AIAA,  Denver,  CO, 
2009. 


15 

American  Institute  of  Aeronautics  and  Astronautics 

092407 


34 

Approved  for  public  release;  distribution  unlimited. 


APPENDIX  C 


Turbulence  Model  Comparisons  for  Mixing  Plane 
Simulations  of  a  Multistage  Low  Pressure  Turbine 
Operating  at  Low  Reynolds  Numbers 

Darius  D.  Sanders1  and  Walter  F.  O’Brien2 
Mechanical  Engineering  Department,  Virginia  Tech,  Blacksburg,  VA,  24061  USA 

Rolf  Sondergaard3,  Marc  D.  Polanka4,  and  Douglas  C.  Rabe5 
Air  Force  Research  Lab,  Propulsion  Directorate,  Wright-Patterson  AFB,  OH,  USA 

There  has  been  a  need  for  improved  flow  prediction  methods  for  low  pressure  turbine 
(LPT)  blades  operating  at  high  altitudes  with  a  reduced  inlet  Reynolds  number.  These 
conditions  present  an  increased  amount  of  laminar-to-turbulent  transitional  flow  within  the 
boundary  layers  on  the  LPT  blade  surfaces.  Also,  boundary  layer  separation  is  more  likely 
to  occur  within  the  flowfield  of  the  LPT  stages  due  to  the  lower  freestream  velocities  in  the 
regions  of  adverse  pressure  gradients  on  the  suction  surfaces.  More  accurate  predictions  of 
aerodynamic  losses  due  to  low  Reynolds  effects  are  needed  for  CFD  to  provide  more 
accurate  input  to  the  design  process  for  LPT  stages  operating  at  high  altitudes.  Steady  flow 
CFD  simulations  of  flow  in  a  multistage  LPT  geometry  were  completed  at  nominal  and  high 
altitude  conditions  with  the  conventional  Spalart-Allmaras  turbulence  model  and  a  recently  - 
developed  three-equation  eddy-viscosity  type  transitional  flow  model.  These  models  were 
used  in  combination  with  a  mixing  plane  model  for  the  simulation  of  flow  through  a  three 
stage  low  pressure  turbine.  Flow  visualizations  were  completed  using  surface  flow  and 
streamline  calculations  to  help  identify  vortical  structures  present  within  the  flowfield.  Also, 
the  total  pressure  loss  coefficient  was  calculated  for  each  blade  row.  Qualitative  comparisons 
indicate  the  amount  and  the  location  of  the  flow  separation  differed  significantly  depending 
on  the  chosen  turbulence  model.  Overall,  the  high  altitude  condition  had  an  increased 
amount  of  separated  flow  compared  to  the  nominal  altitude  condition  resulting  in  an 
increase  in  the  loss  coefficient.  The  altitude  effect  on  the  laminar-to-turbulent  transition 
location  was  studied  using  the  three-equation  model.  The  model  provided  a  more  detailed 
understanding  of  the  aerodynamic  loss  mechanisms  present  in  low  Reynolds  number  flows, 
since  it  accounted  for  transitional  boundary  layer  flow  effects.  Based  on  the  these  results,  the 
CFD  using  the  three-equation  model  has  the  potential  to  be  a  more  effective  method  for 
turbine  flow  prediction  at  low  Reynolds  numbers  compared  to  conventional  RANS 
turbulence  models. 
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=  kinetic  energy  near- wall  dissipation 
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Subscripts 


natural  transition  production  term 
Reynolds  number  based  on  axial  chord 
time 

low  pressure  turbine 
total  pressure  loss  coefficient 
freestream  turbulent  intensity 
velocity  magnitude 
streamwise  fluctuation 
directional  component 
nondimensional  wall  distance 
turbulent  diffusivity 
Kronecker  delta 
effective  length  scale 
integral  turbulent  length  scale 
molecular  viscosity 
kinematic  viscosity 
modified  kinematic  viscosity 
density 

specific  dissipation  rate 


0  =  total 

i,j  =  indices 

in  =  inlet 

L  =  laminar 

exit  =  exit 

T  =  turbulent 

6  =  circumferential  direction 


I.  Introduction 

THERE  is  a  need  to  increase  the  range  and  endurance  of  turbine  engines  operating  at  high  altitudes.  Many  factors 
limit  the  use  of  turbine  engines  operating  at  high  altitude,  including  the  operational  efficiency  of  the  low 
pressure  turbine.  As  aircraft  altitude  increases,  the  operational  Reynolds  number  decreases  due  to  the  change  in 
density.  These  low  Reynolds  numbers  change  the  aerodynamics  of  the  low  pressure  turbine  blades  and  cause  the 
development  of  laminar  flow  boundary  layers  and  longer  transitional  flow  regions  on  the  blade  suction  surface. 
These  laminar  and  transitional  flow  boundary  layers  are  more  susceptible  to  separation  within  the  region  of  adverse 
pressure  gradients  located  on  the  aft  portion  of  the  blade  than  a  turbulent  boundary  layer  flows  found  at  higher 
Reynolds  numbers.  Boundary  layer  separation  results  in  aerodynamic  losses  which  lowers  engine  efficiency  and 
reduces  the  aircraft  range  and  maximum  altitude.  To  understand  how  to  improve  designs,  better  capability  for 
prediction  of  low  Reynolds  number  turbine  flows  is  needed. 

The  challenge  to  improve  low  pressure  turbine  designs  requires  improved  computational  prediction  of 
aerodynamic  loss  mechanism  such  as  boundary  layers,  blade  trailing  edge  wakes,  and  secondary  flows.  Also, 
interactions  between  adjacent  blade  rows  cause  an  inherently  unsteady  flowfield  within  the  turbine  stages  due  to 
wake  and  potential  effects.  Wake  effects  are  caused  by  the  shedding  of  boundary  layer  vorticity  and  momentum 
deficit  by  blades  located  upstream.  Potential  effects  originate  from  unsteady  variations  in  the  pressure  field  that 
propagate  both  upstream  and  downstream.  Accurate  prediction  of  aerodynamic  losses  due  to  separation  and  laminar- 
to-turbulent  transitional  boundary  flow  is  required  to  account  for  low  Reynolds  number  effects.  CFD  simulations  of 
multistage  geometries  must  be  able  to  model  these  effects  accurately.  Fully  unsteady  simulations  are  required  to 
accurately  model  these  effects  where  the  flowfield  of  each  blade  row  is  solved  simultaneously  in  a  time-accurate 
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manner,  and  meshes  for  blade  rows  that  involve  rotation  are  moved  relative  to  stationary  blade  rows.  Also,  most 
sliding  mesh  CFD  simulations  require  the  section  of  the  annulus  being  modeled  to  remain  constant.  So,  multiple 
blade  passages  may  have  to  be  modeled  due  to  changes  in  the  number  of  blades  per  row,  which  often  results  in 
meshes  containing  a  large  number  of  cells.  This  type  of  simulation  requires  a  significant  amount  of  computational 
resources. 

An  alternative  method  is  to  employ  the  “mixing  plane”  numerical  method1.  The  mixing  plane  is  a  method  for 
simulating  flow  through  domains  with  one  or  more  regions  in  relative  motion.  The  fluid  zone  for  each  blade  was 
treated  as  a  steady  state  solution  using  circumferentially  averaged  or  “mixed”  profiles  of  dependent  variables.  These 
profiles,  usually  specified  as  a  function  of  the  radial  coordinate,  are  used  to  update  the  boundary  conditions  along 
the  flow  zones  between  adjacent  blade  rows  during  each  local  iteration.  Unsteady  effects  that  would  normally  occur 
due  to  circumferential  variations  in  the  flowfield  between  blade  rows,  such  as,  passing  wakes,  potential  effects  from 
shock  waves,  and  separated  flow  were  neglected  as  a  result  of  the  steady-state  circumferential  averaging  being 
employed.  Performance  predictions  made  using  the  mixing  plane  model  have  been  shown  to  produce  reasonable 
results2,3. 

The  Reynolds  Averaged  Navier-Stokes  (RANS)  CFD  method  using  statistical  turbulent  models  is  typically  used 
for  simulations  involving  three-dimensional  rotating  turbomachinery.  Currently,  Large-Eddy  Simulation  or  Direct 
Numerical  Simulation  CFD  methods  require  impractically  long  simulation  times  to  be  applied  to  modeling  flow  in 
multiple  stage  geometries.  Yet,  the  RANS  CFD  method  when  applied  to  low  pressure  turbine  blade  geometries  do 
not  adequately  predict  low  Reynolds  numbers  flows.  This  limitation  has  generally  been  a  result  of  the  turbulence 
model  employed  in  the  RANS  CFD  method.  Most  conventional  turbulence  models  assume  fully  turbulent  flow  and 
do  not  account  for  the  laminar-to-turbulent  transitional  flow  and  laminar  flow  separation  associated  with  lower 
Reynolds  numbers. 

Several  studies  have  been  done  where  conventional  turbulence  models  have  been  modified  to  account  for 
transitional  flow  effects  and  separation.  Suzen  et  al.4  used  the  turbulent  viscosity  expression  from  Mentor’s  k- 
co(SST)  model  and  a  transport  equation  was  used  to  solve  for  the  intermittency  function.  The  intermittency  transport 
equation  was  used  to  obtain  the  distribution  of  intermittency  in  the  transitional  flow  region,  while  the  onset  of 
attached  and  separated  flow  transition  is  determined  by  correlations.  The  Suzen  et  al.2  model  was  applied  to  two 
different  cascade  grid  topologies  and  compared  well  with  three  different  experiments  with  differences  in  separation 
and  reattachment  locations.  Menter  et  al.5  used  transport  equations  for  intermittency  and  the  momentum  thickness 
Reynolds  number.  The  intermittency  equation  was  coupled  with  Mentor’s  k-co  SST  model  and  used  to  trigger  the 
production  of  turbulent  kinetic  energy  beyond  the  turbulent  transition  region.  The  second  transport  equation  was 
formulated  in  terms  of  the  momentum  thickness  Reynolds  number  at  transition  onset.  An  empirical  correlation  was 
used  to  control  the  transition  onset  criteria  in  the  intermittency  equation.  The  Menter  et  al.5  model  has  been  applied 
to  several  2D  and  3D  geometries  by  Langtry  et  al.6  including  the  Pack-B  cascade,  a  3D  GE  low-pressure  turbine 
vane,  and  the  T106  blade  undergoing  passing  wakes.  All  simulations  agreed  well  with  experiments  for  all  test  cases 
at  a  wide  range  of  Reynolds  numbers  and  freestream  turbulent  intensities.  Another  approach  by  Praisner  et  al.1’* 
used  correlations  developed  from  an  experimental  database  for  attached  flow  transition,  laminar  separation  with 
turbulent  attachment,  and  separated-flow  transition.  These  correlations  were  implemented  in  a  RANS  solver  using 
the  Wilcox  k-  co  turbulence  model.  The  model  showed  significant  improvement  in  the  predicted  accuracy  of  the  total 
pressure  loss  for  both  linear  cascades  and  multistage  LPT  rigs  over  a  conventional  fully  turbulent  flow  model. 

The  recent  development  of  a  three-equation  eddy- viscosity  type  model  by  Walters  and  Leylek9  for  modeling 
transitional  flow  effects  offers  the  possibility  of  improved  accuracy  of  flow  predictions  using  the  RANS  CFD 
method.  Transport  equations  are  used  to  address  the  development  of  pre -transitional  fluctuations  in  the  boundary 
layer  and  the  breakdown  to  turbulence  to  predict  both  natural  and  bypass  transition.  The  capability  of  the  new  model 
to  predict  transitional  flow  behavior  has  been  demonstrated  on  a  highly  loaded  turbine  blade  airfoil  with  and  without 
film  cooling  and  on  a  flat  plate  with  pressure  distribution  similar  to  an  axial  compressor  undergoing  passing  wakes 
by  Walters  and  Leylek10,11.  Work  has  been  completed  by  the  current  authors12,13  using  the  Walters  and  Leylek 
transitional  flow  model.  The  ability  to  predict  aerodynamic  losses  due  to  low  Reynolds  numbers  effects  was 
demonstrated  for  two-dimensional  cascade  CFD  models  on  two  low  pressure  turbine  blade  airfoils12.  Additionally, 
the  Walters  and  Leylek  transitional  flow  model  was  applied  to  a  flow  simulation  of  the  1st  stage  of  a  multistage  low 
pressure  turbine  geometry13  at  inlet  Reynolds  number  of  135,000.  The  results  were  compared  to  those  obtained  with 
the  Spalart-Allmaras  turbulence  model  and  differences  were  observed  in  the  prediction  of  aerodynamics  losses. 
Since,  the  Walters  and  Leylek  model  accounted  for  transitional  flow  effects;  it  should  provide  a  more  effective 
method  for  performance  predictions  compared  to  conventional  RANS  turbulence  models. 
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This  present  study  continues  the  work  initially  presented  by  Sanders  et  al.13  where  the  flowfield  of  a  three- 
dimensional  multistage  LPT  geometry  has  been  investigated  for  low  Reynolds  number  flow  effects.  CFD 
simulations  were  completed  using  the  mixing  plane  numerical  method  in  combination  with  the  Spalart-Allmaras(S- 
A )  and  Walters  and  Leylek  kT-kL-co  transitional  flow  model.  Steady  flow  simulations  were  completed  at  both 
nominal  and  high  altitude  inlet  conditions  corresponding  to  two  different  inlet  Reynolds  numbers.  The  kT-kL-co 
model  results  were  compared  to  the  S-A  model  at  both  altitude  conditions  to  determine  the  difference  in  the 
flowfield  predictions  each  method  provided.  The  flowfield  for  each  blade  row  was  investigated  using  streamlines 
and  surface  flow  visualizations  at  each  altitude  condition  to  identify  the  sources  of  aerodynamic  losses.  These  results 
showed  the  capability  of  Walters  and  Leylek  kT-kL-  co  transitional  flow  model  for  prediction  of  the  boundary  layer 
behavior  and  performance  at  low  inlet  Reynolds  numbers.  This  model  can  potentially  provide  the  type  of  prediction 
method  needed  for  design  improvement  of  turbine  engines  operating  at  high  altitudes. 

II.  CFD  Numerical  Methods 


A.  Computational  Grid  Technique 

The  multistage  LPT  geometry  used  for  this  present  study  consisted  of  three  stator -rotor  stages.  A  structured  grid 
was  designed  for  the  LPT  multistage  geometry  because  of  the  requirement  for  a  high  degree  of  control  and  accuracy 
with  lower  amount  of  computational  memory.  The  same  grid  O-H  topology  was  used  for  all  six  blade  flowpaths. 
The  three-dimensional  O-grid  was  made  using  a  hyperbolic  extrusion  method  normal  to  the  blade  surface.  The  first 
cell  wall  distance  had  a  y+  <  1  in  accordance  with  the  transitional  model  wall  spacing  tolerance.  Typical  O-grid 
dimensions  for  each  blade  row  are  given  in  Table  1.  A  cutting  plane  grid  of  approximately  (35x151)  cells  was 
constructed  to  control  the  grid  point  distribution  within  the  H-grid  flowpath.  The  hub  and  shroud  grid  surfaces  with 
nominally  (333x35)  cells  were  created  based  on  the  node  connectors  from  the  cutting  plane,  blade  O-grid,  and  main 
flowpath.  The  elliptic  structured  grid  solver  was  used  so  that  the  minimum-angle  cell  skewness  was  above  45°.  This 
cell  skewness  tolerance  was  set  to  make  sure  the  cell  shape  would  not  affect  the  CFD  solver  accuracy  and 
performance.  The  grid  point  distribution  of  the  H-grid  boundaries  was  made  so  that  periodic  boundaries  can  be 
applied  across  the  blade  passage.  The  flowpath  H-grid  block  dimensions  for  each  of  the  six  blade  rows  is  given  in 
Table  1  including  the  total  number  of  cells  for  each  blade  row.  Typically  151  grid  points  were  distributed  along  the 
span  wise  direction  with  an  initial  wall  spacing,  As  =  3.81pm.  A  grid  independence  study  was  performed  using  the  1st 
stage  of  the  multistage  LPT  geometry.  It  was  determined  the  baseline  grid  provided  adequate  resolution  of  the 
spanwise  flowfield  and  sufficient  initial  spacing  for  endwall  effects13.  Figure  1  shows  the  grid  topologies  for  each  of 
the  three  stages  of  the  multistage  LPT  geometry. 


Figure  1.  Structured  Grid  for  the  Multistage  LPT  Geometry. 

View  of  the  (a)  1st  Stage,  (b)  2nd  Stage,  and  (c)  3rd  Stage  Vane  and  Rotor 


O-Grid 

Dimensions 

H-Grid 

Dimensions 

Cells 

O-Grid 

Dimensions 

H-Grid 

Dimensions 

Cells 

Inlet 

25x41x151 

154,775 

2nd  Rotor 

346x14x165 

346x35x165 

2,797,410 

Is*  Vane 

333x17x151 

333x35x151 

2,614,716 

3rd  Vane 

339x18x165 

339x31x165 

2,740,815 

Is*  Rotor 

335x16x151 

335x37x151 

2,681,005 

3rd  Rotor 

342x16x168 

342x31x168 

2,705,640 

2nd  Vane 

333x17x153 

333x31x153 

2,445,552 

Outlet 

25x43x168 

180,600 

Table  1.  Blade  Row  Grid  Dimensions  and  Cell  Count  for  Multistage  LPT  Geometry 
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B.  CFD  Numerical  Scheme 

CFD  simulations  were  performed  using  ANSYS®  Fluent  12.0  CFD  software  which  was  based  on  a  finite  volume 
method.  The  domain  was  discretized  onto  a  finite  set  of  control  volumes  and  the  general  conservation  equations 
mass,  momentum,  and  energy  were  solved  on  this  set  of  control  volumes.  All  solution  variables  represent  ensemble 
or  time  averaged  values.  The  Reynolds  stress  term  -  pu'u'j  was  resolved  according  to  the  chosen  turbulence  model  to 

close  the  equation.  Both  the  Spalart-Allmaras  and  Walters  and  Leylek  kT-kL-co  models  were  included  and 
implemented  in  the  Fluent  12.0  CFD  software.  The  RANS  equations  were  discretized  using  the  pressure-based 
coupled  algorithm  which  solved  a  coupled  system  of  equations  comprising  the  momentum  and  energy  equations 
with  the  pressure-based  continuity  equation.  The  convergence  rate  significantly  improved  when  compared  to  the 
pressure-based  segregated  algorithm. 

The  mixing  plane  numerical  method  employed  in  ANSYS®  Fluent  12.0  was  used  for  all  simulations.  In  the 
mixing  plane  method  each  fluid  zone  for  each  blade  was  solved  as  a  steady  state  solution.  The  flowfield  parameters 
were  passed  as  boundary  conditions  from  adjacent  stator-rotor  zones  and  were  spatially  averaged  at  the  mixing  plane 
interface.  Mass-weighted  averages  in  the  circumferential  direction  at  specified  radial  locations  of  the  total  pressure, 
total  temperature,  directional  cosines  of  the  local  flow  angles  in  the  radial,  tangential,  and  directions,  and  turbulence 
properties(  kL,  kT,  coy  jut)  were  computed  from  the  vane  exit  and  passed  to  the  downstream  rotor  inlet.  Likewise,  the 
profiles  of  static  temperature  and  pressure,  and  cosines  of  the  local  flow  angles  were  used  as  boundary  conditions  on 
the  stator  exit.  A  mixing  plane  interface  was  made  between  an  upstream  exit  boundary  zone  and  downstream  inlet 
boundary  zone. 

This  type  of  model  provided  several  computational  advantages  by  giving  a  steady-state  approximation  to  the 
time-averaged  flowfield  at  a  reduced  computational  solution  completion  time.  Unsteady  calculations  involving 
rotation  require  significant  amount  of  computational  time  to  achieve  a  time-periodic  solution.  The  mixing  plane 
model  does  not  require  a  common  periodic  angle  to  be  maintained  for  each  blade  row.  This  allowed  a  geometry 
configuration  of  one  blade  passage  per  row  without  modifying  the  blade  count.  So,  the  modeling  of  a  large  number 
of  blade  passages  was  avoided  which  reduced  the  overall  grid  size.  In  addition,  the  grid  for  each  blade  inlet  and  exit 
boundary  does  not  have  to  be  conformal  and  can  be  of  different  types  (i.e.,  a  vane  can  be  an  unstructured  grid  while 
a  downstream  blade  can  be  a  structured  grid).  The  main  limitation  of  the  mixing  plane  numerical  method  is  the 
neglect  of  unsteady  effects  due  to  passing  wakes  and  the  potential  flowfield  due  to  steady-state  circumferential 
averaging. 

C.  Solution  Convergence  Procedure 

The  numerical  scheme  used  in  the  mixing  plane  numerical  method  with  the  Spalart-Allmaras  turbulence  model 
was  initialized  based  on  the  inlet  boundary  conditions  in  the  absolute  frame  of  reference  with  a  first-order  upwind 
scheme  for  density,  turbulence,  and  pressure  with  a  second-order  upwind  discretization  scheme  for  energy  and 
momentum.  Several  hundred  iterations  were  performed  with  turbulence  and  energy  equations  disabled  to  help 
establish  the  main  flowfield  after  which  the  turbulence  and  energy  equations  were  re-enabled,  respectively.  Once 
solution  stability  was  achieved,  the  CFL  was  increased  to  speed  the  local  time  stepping  while  maintaining  stability. 
The  solutions  were  run  until  convergence  tolerance  of  10‘5  for  global  flow  variables  was  achieved.  Second-order 
upwind  discretization  for  all  flow  parameters  and  equations  were  set  and  the  simulation  was  ran  again  until  a 
convergence  tolerance  of  10‘5  was  achieved  for  global  flow  properties. 

A  specific  solution  convergence  procedure  using  the  Walters  and  Leylek’ s  transitional  flow  model  was 
developed  in  order  to  maintain  solution  stability  and  prevent  divergence.  A  converged  solution  using  the  k-s  model 
was  run  with  second-order  upwind  numerical  scheme  in  order  to  provide  an  initial  approximation  of  the  flowfield. 
The  kT-kL-  co  model  was  enabled  and  ran  sequentially  with  the  first  and  second-order  upwind  numerical  scheme  until 
convergence  of  10'5  global  flow  properties  was  reached.  The  flowfield  was  held  “frozen”  by  disabling  the 
continuity,  momentum,  and  energy  equations  during  this  process.  The  frozen  flow  solution  was  used  as  the  initial 
condition  while  all  equations  including  continuity,  momentum,  and  energy  were  re-enabled  with  kT-kL-co  model 
equations  and  run  sequentially  with  the  first  and  second-order  numerical  scheme.  The  same  residual  convergence 
tolerance  of  10‘5  was  attained  for  all  simulations  using  the  kT-kL-co  model. 

D.  Spalart-Allmaras  Turbulence  Model 

The  Spalart-Allmaras  model  is  a  one-equation  turbulence  model  specifically  developed  for  aerodynamic 
external  flow  applications.  It  uses  a  single  transport  equation  for  the  eddy  viscosity.  The  model  was  developed  to 
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remove  the  incompleteness  of  algebraic  and  one -equation  turbulent  kinetic  energy  models  and  to  be  more 
computationally  simpler  than  more  advanced  turbulence  models.  Overall  the  Spalart-Allmaras  model  performs  well 
for  transonic  and  mildly  separated  flows  and  is  widely  used  in  turbomachinery  applications  although,  its  accuracy  is 
known  to  suffer  for  flows  with  massive  separation  and  free  shear  flows.  The  model  equations  are  based  on  the 
transport  of  a  parameter  proportional  to  the  turbulent  viscosity  given  in  Eq.  (l)-(2) 

Vt=pvfv  i  (!) 


Dv  ~~  1 

P—  =  Pcb\Sv+  — 
Dt  0\7 


d  \(  dv  }  f  dv  ^ 

M  +  Pv)—\  +  cb2P 
dxi  {  dx>\  l  dxij 


w\  1 


(2) 


A  full  description  of  all  the  model  constants  and  source  terms  are  discussed  in  Wilcox14. 


E.  Walters  and  Leylek’s  Transitional  Flow  Model 

The  Walters  and  Leylek’s  kT-kL-co  model  is  a  three-equation  eddy-viscosity  type,  with  transport  equations  for  the 
turbulent  kinetic  energy  ( kT ),  laminar  kinetic  energy  ( kL ),  and  the  specific  dissipation  rate  (co)  which  are  given  in 
Eqs.(3)-(5). 
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The  influence  of  the  laminar  and  turbulent  kinetic  energy  on  the  Reynolds  stress  term  was  included  through  the 
prescription  of  the  total  eddy  viscosity  as  given  in  Eq.  (6).  A  brief  summary  of  the  current  transitional  flow  model 
functionality  is  presented  below. 
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The  laminar  kinetic  energy  was  used  to  describe  the  low  frequency,  high  amplitude  fluctuations  that  originated 
from  the  pre-transitional  boundary  layer.  These  fluctuations  primarily  occurred  at  one  scale  and  almost  all  energy 
was  contained  in  a  single  streamwise  component.  The  production  of  laminar  kinetic  energy  was  assumed  to  occur 
due  to  a  “splat  mechanism”  which  redirected  the  normal  fluctuations  of  the  freestream  turbulence  into  a  streamwise 
component  while  creating  local  pressure  gradients  in  the  boundary  layer,  thus  increasing  the  low  frequency 
fluctuations.  These  fluctuations  grow  to  the  development  of  turbulent  spots  and  then  to  full  turbulence.  A  local 
transition  parameter  that  depended  on  the  turbulent  energy,  effective  length  scale,  and  fluid  viscosity  determined 
when  this  occurred.  Once  this  parameter  reached  a  threshold  value,  a  transfer  of  energy  began  from  streamwise 
fluctuations  ( kL )  to  turbulent  fluctuations  ( kT ). 

Both  natural,  mixed,  and  bypass  transition  were  resolved  in  the  current  model.  Natural  transition  occurred  when 
orderly  laminar  flow  broke  down  to  turbulent  flow  in  the  presence  of  small  perturbations.  This  process  was  very 
slow  and  was  observed  when  no  external  forcing  was  applied  and  when  very  small  perturbations  were  present. 
Bypass  transition  evolved  when  those  perturbations  were  large  enough  to  bypass  the  exponential  growth  of 
Tollmien-Schlichting  (TS)  waves.  The  mixed  transition  regime  involved  elements  of  both  natural  and  bypass 
transition.  The  production  terms  in  the  current  model  controlled  the  transfer  from  streamwise  fluctuations  to  full 
turbulence  which  depended  on  the  laminar  kinetic  energy  and  the  local  mean  velocity  in  order  to  include  natural  and 
mixed  transition.  A  full  description  of  all  model  variables  and  dependences  was  presented  by  Walters  and  Leylek9. 


F.  Boundary  Conditions 
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The  CFD  boundary  conditions  for  the  mixing  plane  model  were  set  to  simulate  the  actual  engine  operation  at 
both  nominal  and  high  altitude  conditions.  Inlet  conditions  to  the  1st  stage  vane  were  based  on  the  typical  inlet 
profiles  seen  by  multistage  LPT.  Radial  variations  of  the  total  pressure,  total  temperature,  and  tangential  and  radial 
flow  angles  were  specified  with  an  estimated  inlet  static  pressure.  The  radial  and  tangential  flow  angles  were 
converted  to  directional  velocity  components  using  spherical  coordinate  transforms.  The  initial  inlet  turbulent 
viscosity  ratio  was  set  as  ju/ju  =  7.364  for  all  simulations,  and  an  inlet  turbulent  intensity,  Tu  =  1%  was  set  for  only 
the  kT-kL-co  model  simulations.  The  initial  outlet  static  pressure  was  defined  with  a  radial  equilibrium  pressure 
distribution  using  Eq.  7. 


dP  =  f»l 

dr  r 


(7) 


Radial  equilibrium  pressure  distribution  was  set  for  the  pressure  exit  boundary  condition  to  define  the  radial 
distribution  of  the  back  pressure.  The  fluid  zone  for  the  rotor  stages  was  set  in  the  moving  reference  frame  with  a 
rotational  speed  with  respect  the  x-axis  direction,  while  the  vane  fluid  zones  were  set  in  the  stationary  or  absolute 
reference  frame.  The  blade  speeds  for  the  nominal  and  high  altitude  conditions  were  7700  rpm  and  7900  rpm, 
respectively.  All  hub  and  shroud  endwalls  and  blade  surfaces  were  set  as  stationary  no-slip  walls  relative  to  the 
motion  of  the  adjacent  fluid  zone.  The  mixing  plane  interface  zones  placed  between  inlet  and  exit  of  each  blade  row 
used  a  151  point  radial  profile  for  circumferential  averaging.  Periodic  boundary  conditions  were  assigned  to  the  mid¬ 
passage  flow  boundaries  to  model  the  approximate  time -averaged  operation  of  a  full  annulus  blade  row. 


G.  Inlet  Reynolds  Number  Flow  Conditions 

The  low  Reynolds  number  flow  effects  were  investigated  using  a  multistage  LPT  geometry.  Table  2  shows  the 
decrease  in  the  inlet  Reynolds  number  to  the  multistage  LPT  geometry  compared  to  the  nominal  and  high  altitude 
condition.  These  calculations  were  based  on  mass-weighted  averages  of  fluid  flow  properties.  The  Reynolds  number 
was  calculated  using  the  mid-radius  true  chord  for  each  blade  row  as  the  characteristic  length.  The  Spalart-Allmaras 
and  kT-kL-  co  model  were  used  in  simulations  at  both  altitude  conditions. 


Altitude  Condition 

Inlet  Re  No. 

Altitude  Condition 

Inlet  Re  No. 

1st  Stage  Vane 

Nominal 

135,000 

2nd  Stage  Rotor 

Nominal 

108,000 

High 

20,000 

High 

16,000 

1st  Stage  Rotor 

Nominal 

123,000 

3rd  Stage  Vane 

Nominal 

85,000 

High 

19,000 

High 

12,000 

2nd  Stage  Vane 

Nominal 

110,000 

3rd  Stage  Rotor 

Nominal 

86,000 

High 

16,000 

High 

12,000 

Table  2.  Inlet  Reynolds  Numbers  for  each  Blade  Row  at  Nominal  and  High  Altitude  Conditions 


H.  CFD  Post-Processing  and  Analysis 

Intelligent  Light®  FieldView  12.0  CFD  post-processing  and  visualization  software  was  the  primary  tool  used  for 
flow  visualizations.  Fluid  flow  quantities  and  vectors  were  exported  from  Fluent  using  native  FieldView  file  formats 
once  CFD  simulations  were  complete.  Surface  flow  and  flowfield  streamlines  were  created  in  order  to  help  visualize 
any  vortical  structures  present  in  the  flowfield  for  each  stage.  The  presence  of  these  vortical  structures  was  used  as 
an  indicator  of  sources  of  aerodynamics  losses  which  cause  an  increase  in  the  total  pressure  loss  coefficient  for  each 
blade  row.  The  streamlines  were  created  by  arbitrarily  placing  seed  points  on  iso-surfaces  based  on  a  constant  value 
of  the  Mach  number.  The  seed  points  were  used  to  calculate  the  particle  paths  by  integrating  through  the  velocity 
vector  using  a  second  order  Runge-Kutta  method.  Surface  flows  are  defined  as  special  streamlines  which  are 
restricted  to  lie  in  the  plane  of  the  blade  surface.  The  surface  flow  streamlines  were  calculated  using  the  velocity 
gradient  on  the  surface.  Also,  radial  profiles  of  circumferentially-averaged  flow  quantities  were  calculated  using  a 
150  point  computational  rake  using  Fluent’s  post-processing  capability. 
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III.  Turbulence  Model  Results  Comparisons  for  the  First  Stage 


Figure  2.  Turbulence  Model  Comparison  of  the  Surface  Flow  and 
Flowfield  Streamlines  for  the  1st  Stage  Vane  at  the  Nominal  Altitude 
Condition.  (a)Surface  Flow  and  (b)Flowfield  Streamlines  for  the  S-A  Model, 
(c)Surface  Flow  and  (d)Flowfield  Streamlines  for  the  k-kL-  co  Model 


Figure  3.  Turbulence  Model  Comparison  of  the  Surface  Flow  and 
Flowfield  Streamlines  for  the  1st  Stage  Vane  at  the  High  Altitude 
Condition.  (a)Surface  Flow  and  (b)Flowfield  Streamlines  for  the  S-A  Model, 
(c)Surface  Flow  and  (d)Flowfield  Streamlines  for  the  k-kL-  co  Model 
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Turbulence  model  results 
comparisons  were  made  for  the  first 
stage  using  the  multistage  LPT 
geometry  at  both  altitude 
conditions.  Comparisons  were 
evaluated  based  on  the  flowfield 
visualizations  using  surface  flow, 
flowfield  streamlines,  and  total 
pressure  loss  coefficient  with 
subsequent  discussions  on  the  inlet 
flow  angle.  The  laminar- to- 
turbulent  transition  region  was  also 
investigated  using  contours  of  the 
turbulence  quantities  on  the  blade 
surface. 

A.  Surface  Flow  and  Flowfield 
Streamlines 

1st  Stage 

Figure  2  shows  the  comparison 
of  the  surface  flow  and  flowfield 
streamlines  for  1st  stage  vane  using 
the  S-A  and  kT-kL-co  models.  The 
surface  flow  results  for  the  S-A 
model  (Fig.  2(a))  revealed  that  the 
flow  from  the  endwalls  was 
predicted  to  move  toward  the  blade 
mid- span  and  meet  the  main 
streamwise  flow  which  resulted  in  a 
foci  of  separation  near  the  trailing 
edge  of  the  suction  surface.  Similar 
secondary  flow  effects  were 
observed  in  the  vane  for  each  stage. 
Downstream  of  the  separation  point, 
two  large  vortices  located  at  10% 
and  75%  of  the  blade  span  are 
clearly  evident.  A  third  small 
counter-clockwise  vortex  close  to 
the  shroud  endwall  was  also 
apparent  as  shown  in  Fig.  2(b).  The 
surface  flow  results  using  the  kT-kL- 
co  model  in  Fig.  2(c)  showed  the 
foci  of  separation  to  be  further 
upstream  than  observed  with  the  S-A 
model.  A  large  recirculation  region 
was  present  on  the  suction  surface 
due  to  the  joining  of  the  streamwise 
and  endwall  flow  as  shown  in  Fig. 
2(d).  The  distinct  vortical  structures 
predicted  with  the  S-A  model  were 
not  observed  in  the  kT-kL-co  model 
results.  The  difference  in  prediction 
of  the  flowfield  was  attributed  to  the 
transitional  boundary  layer 
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Figure  4.  Turbulence  Model  Comparison  of  the  Surface  Flow  and 
Flowfield  Streamlines  for  the  1st  Stage  Rotor  at  the  Nominal  Altitude 
Condition.  (a)Surf ace  flow  and  (b)Flowfield  Streamlines  for  the  S-A  Model, 
(c)Surface  Flow  and  (d)Flowfield  Streamlines  for  the  k-kL-  co  Model 


predicted  with  the  kT-kL-co  model 
which  is  discussed  in  greater  detail 
in  Section  V. 

The  surface  flow  for  the  high 
altitude  condition  using  the  S-A 
turbulence  model  is  shown  in 
Figure  3(a).  The  main  foci  of 
separation  moved  more  upstream 
on  the  suction  surface  compared  to 
the  nominal  altitude  result  (Fig. 
2(a)).  In  Figure  3(b),  the  flowfield 
streamlines  indicated  the  flow  was 
largely  separated  along  the  entire 
blade  span.  The  vortices  identified 
in  Fig.  2(b)  at  the  nominal  attitude 
condition  have  increased  in  size. 
For  the  kT-kL-co  model  (Fig.  3(c)), 
the  separation  point  was  located 
more  upstream  as  compared  to  the 
S-A  model  result  at  the  high 
altitude,  thus  producing  a  larger 
separation  region  as  seen  in  Fig. 
3(d).  The  separated  flow  which 
was  initially  restricted  to  mid-span 
at  the  nominal  altitude  condition 
(Fig.  2(d))  now  extends  over  the 
entire  blade  span  at  the  higher 
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Figure  5.  Turbulence  Model  Comparison  of  the  Surface  Flow  and 
Flowfield  Streamlines  for  the  1st  Stage  Rotor  at  the  High  Altitude 
Condition.  (a)Surface  Flow  and  (b)Flowfield  Streamlines  for  the  S-A  Model, 
(c)Surface  Flow  and  (d)Flowfield  Streamlines  for  the  k-kL-co  Model 
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For  the  1st  stage  rotor  blade 
surface,  both  the  S-A  and  kT-kL-co 
models  showed  similar  surface 
flow  and  flowfield  streamline 
patterns  as  indicated  in  Fig.  4(a)- 
(d).  The  surface  flow  patterns  (Fig. 
4(a)  &  4(c))  indicated  that  the 
streamwise  flow  separated  from 
the  blade  pressure  surface  at  the 
leading  edge  and  reattached  to  the 
blade  surface  further  downstream. 
Also,  a  saddle  point  was  present 
indicating  the  presence  of  small 
vortical  structures  near  both 
end  walls  for  both  models.  The  S-A 
model  predicted  the  reattachment 
position  to  be  more  downstream 


High  Altitud*  Condition 
Flowfield  Streamlines 


altitude,  similar  to  the  S-A  model 
altitude  prediction.  The  order  of 
magnitude  decrease  in  the 
Reynolds  number  at  the  high 
altitude  condition  contributed  to 
the  increase  in  the  separation 
present  for  all  blade  rows  within 
each  stage  as  the  flow  could  not 
successfully  turn  around  the  vane 
suction  surface  at  these  lower 
freestream  velocities. 
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than  the  kT-kL-  co  model  result.  For  the  S-A  model,  this  resulted  in  a  relatively  large  reattachment  region  (Fig.  4(b)), 
whereas  the  kT-kL-co  model  predicted  a  tighter  stream  wise  region  of  separation  that  rolled  up  and  was  directed 
outward  in  the  radial  direction  (Fig.  4(d)). 

For  the  high  altitude  condition,  the  reattachment  location  was  slightly  more  downstream  in  the  kT-kL-  co  model 
(Fig.  5(a)  &  5(c))  prediction  resulting  in  a  larger  separation  region  than  the  S-A  model.  The  change  in  altitude 
condition  did  not  significantly  affect  the  separation  and  reattachment  locations  in  the  S-A  model  results  as  seen  when 
comparing  Fig.  4(a)  and  Fig.  5(a).  Yet,  the  higher  altitude  condition  in  the  kT-kL-  co  model  result  caused  the  pressure 
surface  reattachment  location  to  move  further  downstream  with  a  larger  separation  region.  There  was  not  any 
evidence  of  a  separation  on  the  suction  surface  rotor  blades  in  any  stages  at  either  altitude  conditions  for  either 
turbulence  model  predictions. 


B.  Total  Pressure  Loss  Coefficient  Comparisons 

1st  Stage 

The  circumferentially  averaged  total 
pressure  loss  coefficient  was  calculated  for 
both  the  1st  stage  vane  and  rotor  (Fig.  8)  to 
determine  the  effect  caused  by  the  vortical 
structures  produced  by  the  secondary  flow. 

The  loss  coefficient  was  calculated  with 
Eq.  (8)  by  taking  the  difference  between 
the  inlet  and  exit  total  pressure  and 
dividing  by  the  difference  between  the 
mass-weighted  averaged  inlet  total  and 
static  pressure. 


TPLC  = 


(^0 ,in  F 0,exit  ) 

(/o,m  -  Pin  ) 


1st  Stage  Rotor 


Normalized  Radial  Location 


stage  vane.  The  loss  coefficient  results  predicted  with  the  kT-kL 


(8)  Figure  6.  Turbulence  Model  Comparison  of  the  Circumferentially 
Averaged  Total  Pressure  Loss  Coefficient  for  the  1st  Stage  at  the 
Nominal  and  High  Altitude  Condition 

The  loss  coefficient  was  plotted  as  a 

function  of  the  normalized  radial  location  from  the  hub  to  shroud  surface.  Also,  Table  3  shows  a  turbulence  model 
comparison  of  the  mass-weighted  average  loss  coefficient  for  each  blade  row  at  the  two  altitude  conditions.  The 
peaks  in  the  loss  coefficient  predicted  from  the  S-A  model  were  due  to  the  suction  side  vortical  structures  and  the 
endwalls  from  the  hub  and  shroud  for  the  1st  stage  vane.  The  presence  of  vortical  structures  on  the  pressure  side  of 
the  1st  rotor,  along  with  the  endwall  effects,  caused  a  reduction  in  the  outlet  relative  total  pressure  at  the  exit  plane. 
This  led  to  higher  peak  values  of  the  loss  coefficient  where  the  vortical  structures  at  the  endwalls  were  located. 
There  was  a  143%  increase  in  the  mass-weighted  average  loss  coefficient  in  the  1st  stage  rotor  when  compared  to  the 
1st  stage  vane.  The  circumferential  averaged  wake  from  the  upstream  vane  calculated  by  the  mixing  plane  method 
caused  a  significant  amount  of  total  pressure  loss.  Additionally,  the  contributed  total  pressure  loss  from  the 
secondary  flow  in  the  rotor  caused  the  much  higher  loss  coefficient  seen  in  the  1st  stage  rotor  compared  to  the  1st 

co  model  showed  a  15%  reduction  in  the  mass- 
weighted  average  loss 
coefficient  compared  to  S-A 
model  for  the  1st  stage  vane. 
This  was  due  to  the  absence  of 
the  three  distinct  vortical 
structures  in  the  1st  stage  vane 
as  predicted  with  the  S-A 
model.  This  presented  a  more 
uniform  inlet  flow  with  less 
total  pressure  loss  from  the 
upstream  vane  secondary  flow 
and  led  to  a  reduced  loss 
coefficient  near  the  hub  and 
shroud  radial  locations.  The 
mass-weighted  average  loss 


Nominal  Altitude 

1st  Yane 

1st  Rotor 

2nd  Yane 

2nd  Rotor 

3rd  Yane 

3rd  Rotor 

S-A  model 

0.1135 

0.2763 

0.1217 

0.2646 

0.1220 

0.2261 

k-kL-  co  model 

0.0961 

0.2785 

0.1709 

0.3487 

0.1801 

0.3025 

High  Altitude 

S-A  model 

0.2241 

0.4209 

0.1974 

0.4446 

0.1991 

0.3966 

k-kL-  co  model 

0.2187 

0.5312 

0.3454 

0.6376 

0.2940 

0.5783 

Table  3.  Turbulence  Model  Comparison  of  the  Mass-Weighted  Average  Loss 
Coefficient  for  each  Blade  Row  at  the  Nominal  and  High  Altitude  Conditions 
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coefficient  remained  constant  in  the  kT-kL-  co  model  prediction  due  to  higher  losses  present  near  the  mid-span  as 
compared  to  the  S-A  model  prediction.  This  could  be  attributed  to  a  thicker  and  more  turbulent  boundary  layer  in 
the  kT-kL-  co  model  prediction  which  is  discussed  in  greater  detail  in  Section  V. 

The  circumferentially  averaged  loss  coefficient  distribution  for  the  1 st  stage  at  the  high  altitude  condition  is  also 
shown  in  Fig.  6.  The  local  loss  coefficient  peak  in  the  S-A  model  predictions  was  due  to  the  increase  in  the  shroud 
vortex  size  compared  to  the  nominal  altitude  condition  for  the  1st  stage  vane.  The  increase  in  altitude  resulted  in  a 
97%  and  127%  increase  in  the  mass-weighted  average  loss  coefficient  for  the  1st  stage  vane  in  the  S-A  and  kT-kL-co 
model  results,  respectively.  There  was  an  overall  higher  loss  coefficient  distribution  predicted  from  the  kT-kL-co 
model  compared  to  the  S-A  model  for  the  1st  stage  vane.  This  was  due  to  the  foci  of  separation  being  located  more 
upstream  with  a  larger  separation  region  in  the  kT-kL-  co  model  prediction.  The  loss  in  the  1st  stage  rotor  showed  the 
same  trend  because  of  the  higher  secondary  flow  loss  in  addition  to  the  inlet  total  pressure  loss  distortion  from  the 
upstream  vane.  The  higher  altitude  caused  a  52%  and  90%  increase  in  the  mass -weighted  average  loss  coefficient 
for  the  1st  stage  rotor  in  the  S-A  and  krkL-co  model  results,  respectively.  Both  turbulence  models  predicted  an 
increase  in  the  loss  coefficient  from  the  change  an  altitude  condition  as  result  of  a  reduction  in  inlet  Reynolds 
number  for  all  blade  rows. 


IV.  Turbulence  Model  Comparisons  for  the  Second  and  Third  Stages 


A.  Surface  Flow  Streamlines  and  Loss  Coefficients  for  the  Second  Stage 


As  shown  in  Fig.  7,  the  results  for  the  nominal  attitude  condition  using  both  models  predicted  the  flow  to  be 
relatively  attached  with  only  minor  secondary  flow  losses  for  the  2nd  stage  vane  flowfield.  The  S-A  model  results 
shown  in  Fig.  7(a)  reveal  a  mostly  attached  flow  to  the  airfoil  surface  for  the  majority  of  the  blade  span  with  only 
small  vortical  structures  at  10%  of  the  span  near  the  hub  surface,  and  a  pattern  due  to  the  motion  of  the  flow  from 
the  shroud  end  wall  at  85%  of  the  span.  In  contrast,  the  kT-kL-co  model  prediction  did  not  show  any  evidence  of 
vortical  structures  near  the  trailing  edge.  Instead,  it  revealed  end  wall  flow  patterns  at  the  hub  and  shroud  surface. 
Also,  a  localized  separation  and  reattachment  region  was  predicted  near  the  vane  leading  edge  at  40%  of  the  span 

and  a  vortical  structure  was  shown  near 
the  shroud  surface  at  the  vane  leading 
edge  as  shown  in  Fig.  7(c). 


Vortical 

Structure 


Vortical 

Structure 


Endwall 

Flow 

(a) 

S-A  Model 


Vortical 

Structure 


High  Altitude  Condition 
k-kL-omega  model 


When  the  multistage  LPT  flow  was 
simulated  at  higher  altitude,  the  S-A 
model  showed  a  foci  of  separation  present 
on  the  suction  surface  in  Fig.  7(b)  with  a 
large  separation  region  present  along  a 
major  portion  of  the  2nd  stage  vane  surface 
caused  by  the  reduced  inlet  Reynolds 
number.  The  vortical  structure  was  still 
present  near  the  hub  surface.  In  contrast, 
the  kT-kL-co  model  result  indicated  the 
separation  region  was  more  downstream 
while  still  maintaining  the  hub  vortical 
structure.  This  indicated  the  predicted 
momentum  of  the  main  flow  was  higher 
with  the  kT-kL-co  model  than  the  S-A 
model,  which  kept  the  flow  more  attached 
to  the  blade  surface. 


Figure  7.  Turbulence  Model  Comparison  of  the  Surface  Flow 
Streamlines  for  the  2nd  Stage  Vane  at  the  Nominal  and  High 
Altitude  Condition,  (a)  Nominal  and  (b)  High  Altitude  for  the  S-A 
Model,  (c)  Nominal  and  (d)  High  Altitude  for  the  k-kL-  co  Model 


The  surface  flow  patterns  for  the  2nd 
stage  rotor  (not  shown)  revealed  a  similar 
flow  behavior  to  that  seen  in  the  1st  stage 
rotor.  The  dominant  flow  feature  was  the 
leading  edge  separation  quickly 
reattaching  on  the  pressure  surface  and 
forming  a  recirculation  region.  The  kT-kL- 


11 

American  Institute  of  Aeronautics  and  Astronautics 


45 

Approved  for  public  release;  distribution  unlimited. 


co  model  prediction  showed  an  extended 
recirculation  region  further  along  the  blade 
span  than  the  S-A  model  prediction.  Neither 
model  suggested  evidence  of  separation  on  the 
suction  surface.  Nearly  identical  surface 
flows  occurred  at  high  altitude  (not  shown)  as 
at  the  nominal  altitude  for  the  2nd  stage  rotor. 

The  total  pressure  loss  coefficient  plots  for 
the  2nd  stage  are  shown  in  Fig.  8.  The  S-A 
model  results  for  the  2nd  stage  vane  showed 
the  loss  coefficient  peaks  present  near  hub 
were  due  to  the  smaller  vortices  observed  in 
Fig.  7(a)  &  7(c)  for  the  nominal  altitude 
condition.  The  local  loss  coefficient  reduced 
in  size  in  the  kT-kL-co  model  as  a  result  of 
lower  momentum  flow  originating  from  the 
hub  and  shroud  enwalls.  Also,  the  loss  coefficient  distribution  was  predicted  higher  in  the  main  streamwise  flow 
normalized  radial  location  (r  &  0.2-0.78)  which  was  due  to  the  presence  of  the  recirculation  region  observed  in  Fig. 
7(c).  This  resulted  in  a  40%  increase  in  the  mass-weighted  average  loss  coefficient  for  the  kT-kL-  co  model  compared 
to  the  S-A  model  prediction  for  the  2nd  stage  vane.  The  loss  coefficient  results  for  the  2nd  stage  rotor  revealed  smaller 
peaks  due  to  the  smaller  vortical  structures  located  close  to  each  endwall  surface.  For  the  kT-kL-co  model,  the  loss 
coefficient  was  uniform,  yet  32%  higher  in  the  mass-weighted  average  value  than  the  S-A  model  prediction  at  the 
nominal  altitude  condition.  The  increased  amount  of  recirculation  on  the  pressure  side  of  the  blade  coupled  with  the 
higher  total  pressure  loss  seen  in  the  upstream  vane  caused  the  higher  loss  coefficient  in  the  2nd  stage  rotor. 

At  the  higher  altitude,  the  loss  coefficient  plot  for  the  2nd  stage  vane  showed  a  62%  and  102%  higher  mass- 
weighted  average  loss  coefficient  than  the  nominal  altitude  condition  for  the  S-A  and  kT-kL-co  model  predictions, 
respectively.  This  was  consistent  with  the  separation  present  at  the  lower  inlet  Reynolds  number.  The  two  models 
contained  similar  peaks  near  the  hub  surface  consistent  with  the  locations  of  the  vortices.  The  kT-kL-co  model 
predicted  an  11%  decrease  in  the  loss  coefficient  peak  compared  to  the  S-A  model.  Yet,  the  distribution  of  loss 
coefficient  outside  of  the  hub  vortex  region  was  higher  in  the  kT-kL-  co  model  result.  The  loss  coefficient  plot  for  the 
2nd  stage  rotor  revealed  a  68%  and  83%  increase  in  loss  at  the  higher  altitude  for  the  S-A  and  kT-kL-co  model 
predictions,  respectively,  compared  to  the  nominal  altitude  condition.  The  substantial  increase  in  the  loss  at  the 
higher  altitude  was  a  result  of  the  increased  amount  of  upstream  vane  total  pressure  distortion  and  higher  secondary 
flow  losses  in  the  2nd  stage  rotor.  The  kT-kL-  co  model  prediction  showed  a  higher  and  a  more  uniform  loss  coefficient 
distribution  in  the  main  streamwise  flow  normalized  radial  locations  (r  &  0.15-0.9)  compared  to  the  S-A  model 
prediction  as  observed  in  the  1st  stage  rotor.  The  higher  distribution  in  the  kT-kL-co  model  prediction  resulted  in  a 
43%  increase  over  the  S-A  model  result  in  the  mass- weighted  average  loss  coefficient  for  the  2nd  stage  rotor. 

B.  Surface  Flow  Streamlines  and  Loss  Coefficients  for  the  Third  Stage 

S-A  model  surface  flow  results  at  the  nominal  altitude  condition  shown  in  Fig.  9(a)  for  the  3rd  stage  vane 
indicated  separation  on  the  suction  surface  due  to  secondary  flow  effects.  Figure  9(c)  shows  that  for  the  kT-kL-co 
model  the  separation  region  is  no  longer  present  near  the  vane  mid-span  but  instead  a  large  separation  and 
reattachment  region  has  developed  near  the  vane  leading  edge.  Further  downstream,  separate  recirculation  regions 
formed  due  to  secondary  endwall  flow.  At  the  high  altitude  case,  the  S-A  model  revealed  the  presence  of  a  localized 
separation  and  reattachment  region  relatively  close  to  the  blade  leading  edge  on  suction  surface  as  seen  in  Fig.  9(b). 
Also,  a  foci  of  separation  was  located  significantly  more  upstream  on  the  blade  surface  than  the  nominal  altitude 
condition  result  in  Fig.  9(a).  The  kT-kL-co  model  result  (Fig.  9(d))  predicted  a  similar  flowfield  as  the  2nd  stage  vane, 
where  the  higher  momentum  flow  from  the  endwall  caused  a  separation  region  near  the  trailing  edge  that  extended 
the  entire  blade  span.  There  was  no  presence  of  a  separation  and  reattachment  region  near  the  leading  edge  as 
observed  at  the  nominal  altitude  condition  in  Fig  9(c). 

The  surface  flow  comparisons  for  the  3rd  stage  rotor  using  the  S-A  and  kT-kL-co  model  (not  shown)  were  again 
similar  to  that  seen  in  the  1st  stage  rotor.  The  kT-kL-co  model  prediction  revealed  that  the  separation  and  reattachment 
region  extended  even  more  downstream  and  further  along  the  blade  span  than  the  S-A  model  prediction,  similar  to 
the  2nd  stage  rotor  results.  Walters  and  Leylek’s9  kT-kL-co  model  predicted  the  least  separated  flow  for  the  1st  stage 
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Figure  8.  Turbulence  Model  Comparison  of  the 
Circumferentially  Averaged  Total  Pressure  Loss  Coefficient  for 
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compared  to  the  S-A  model,  whereas 
more  separated  flow  was  predicted  in 
the  2nd  and  3rd  stage  at  the  nominal 
altitude  condition. 

At  the  higher  altitude  (not 
shown),  the  3rd  stage  rotor  pressure 
side  separation  and  reattachment 
region  extended  from  the  hub  to 
approximately  70%  of  the  span  for 
both  turbulence  models,  whereas  the 
nominal  altitude  condition  predicted 
most  of  the  blade  span  to  be 
influenced  by  the  separated  flow. 
Also  the  boundary  layer  reattachment 
location  was  more  downstream  in  the 
high  altitude  condition.  The  decrease 
in  Reynolds  number  largely  affected 
the  flowfield  in  the  3rd  stage  vane 
compared  to  the  rotor.  This  trend 
was  found  in  all  stages  and  suggests 
that  improvements  could  be  made  to 
the  vane  in  order  to  control 
separation  and  improve  efficiency. 

In  Figure  10,  the  loss  coefficient 
Figure  9.  Turbulence  Model  Comparison  of  the  Surface  Flow  plot  showed  peaks  near  the  hub 
Streamlines  for  the  3rd  Stage  Vane  at  the  Nominal  and  High  Altitude  surface  due  to  the  vortical  structures 
Conditions,  (a)  Nominal  and  (b)  High  Altitude  for  the  S-A  Model,  (c)  identified  in  Fig.  9(a)  and  9(c)  for 
Nominal  and  (d)  High  Altitude  for  the  k-kL-  co  Model  both  turbulence  model  predictions  at 

the  nominal  altitude  condition.  Similar  trends,  profiles,  and  values  of  the  loss  coefficient  were  observed  in  the  3rd 
stage  as  for  the  2nd  stage.  The  distribution  of  the  loss  coefficient  was  higher  in  the  kT-kL-  co  model  results  due  to  the 
increased  amount  of  separated  flow  with  a  48%  increase  in  the  mass-averaged  value  compared  to  the  S-A  model. 
For  the  3rd  stage  rotor,  several  smaller  vortices  were  present,  causing  more  localized  loss  coefficient  peaks  in  S-A 
model  prediction.  These  localized  loss  coefficient  peaks  were  absent  in  the  kT-kL-  co  model  prediction  resulting  in 
more  uniform  loss  coefficient  distribution  with  a  34%  higher  mass-weighted  average  loss  coefficient  value.  Again 
the  magnitudes  of  the  loss  coefficient  were  similar  for  the  2nd  and  3rd  stage  rotors. 


3rd  Stage  Vane  3rd  Stage  Rotor 


Normalized  Radial  Location  Normalized  Radial  Location 


Figure  10.  Turbulence  Model  Comparison  of  the 
Circumferentially  Averaged  Total  Pressure  Loss  Coefficient  for 
the  3rd  Stage  at  the  Nominal  and  High  Altitude  Condition 


At  high  altitude,  a  significant  increase  in 
the  loss  was  encountered  for  both  models. 
Similar  to  the  2nd  stage,  this  was  believed  to 
be  due  to  the  increased  amount  of  upstream 
vane  total  pressure  distortion  and  higher 
secondary  flow  losses.  The  kT-kL-co  model 
result  showed  a  further  48%  increase  in  the 
mass-weighted  averaged  loss  coefficient  due 
the  17%  decrease  on  the  local  peak  from  the 
hub  vortex  and  overall  higher  distribution 
compared  to  the  S-A  model  for  the  3rd  stage 
vane.  The  same  trend  was  observed  for  the 
3rd  stage  rotor  with  the  kT-kL-co  model 
resulting  in  more  uniform  loss  coefficient 
distribution  with  an  increase  in  the  mass- 
weighted  averaged  loss  coefficient  of  46%. 


In  summary,  the  prediction  of  the  flowfield  for  the  multistage  LPT  geometry  was  shown  to  be  heavily  dependent 
on  the  turbulence  model  implemented  with  the  mixing  plane  method.  The  Walters  and  Leylek  kT-kL-  co  transitional 
flow  model  predicted  lower  aerodynamic  losses  in  the  1 st  stage  but  higher  losses  for  the  2nd  and  3rd  stages  compared 
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to  the  S-A  turbulence  model  at  the  nominal  altitude  condition  mainly  due  to  the  increased  amount  of  separated  flow. 
At  the  higher  altitude  condition,  the  kT-kL-  co  model  predicted  overall  higher  aerodynamic  losses  than  the  S-A  model 
for  all  three  stages,  although  both  models  did  show  that  the  higher  altitude  caused  an  increase  in  the  amount  of 
separated  flow  due  to  the  order  of  magnitude  decrease  in  the  inlet  Reynolds  number.  Since  the  kT-kL-co  model 
accounts  for  transitional  flow  effects,  it  is  asserted  based  on  the  results  presented  that  the  kT-kL-co  model  provides 
more  effective  prediction  of  the  flowfield  at  these  Reynolds  numbers  ranges.  This  is  supported  by  experimental 
comparisons  done  on  a  cascade  LPT  blade  airfoil  based  on  the  multistage  LPT  geometry  reported  Sanders  et  al. 12  at 
similar  inlet  Reynolds  numbers.  The  Walters  and  Leylek  kT-kL-co  transitional  flow  model  demonstrated  the  ability  to 
predict  the  transitional  flow  behavior  and  performance  more  effectively  than  conventional  turbulence  models  such 
as  the  Spalart-Allmaras  model. 

V.  Flowfield  Comparisons  at  the  Nominal  and  High  Altitude  Conditions 

An  additional  altitude  comparison  was  made  in  greater  detail  using  the  Walters  and  Leylek  kT-kL-  co  transitional 
flow  model  to  further  investigate  the  low  Reynolds  number  effect  on  the  predicted  flowfield.  Only  this  model  was 
used  based  on  the  more  representative  results  of  the  actual  flowfield  found  in  the  preceding  sections  for  the 
multistage  geometry.  The  altitude  effect  on  laminar-to-turbulent  transition  location  was  studied  for  each  blade  row. 
Also,  the  circumferentially-averaged  inlet  and  exit  flow  angles  were  studied  for  the  kT-kL-co  model  predictions. 

A.  Laminar-to-Turbulent  Transition  Altitude  Comparisons 

1st  Stage 

Figure  11  shows  an  altitude  comparison  of  the  turbulent  kinetic  energy  (TKE)  contours  on  the  1st  stage  vane 
suction  surface.  Also,  a  line  plot  of  the  vane  surface  TKE  was  made  at  the  1st  stage  vane  mean  radius.  A  white  line 
was  drawn  to  show  the  position  of  the  mean  radius  relative  to  the  vane  surface.  The  sudden  increase  in  the  turbulent 
kinetic  energy  was  used  as  an  indicator  of  the  turbulent  transition  point.  At  the  nominal  altitude  condition  in  Fig 
11(a),  the  flow  was  initially  laminar,  separated  from  the  blade  surface,  and  became  turbulent  due  the  recirculation 
region  observed  in  Fig  2(d).  Also,  the  flow  originating  from  the  endwall  onto  the  blade  surface  was  largely  laminar 
and  vortex  generation  near  the  endwall  surfaces  caused  local  increases  in  the  TKE.  Figure  11(b)  showed  the 
boundary  layer  flow  to  be  laminar  and  only  a  small  increase  in  the  TKE  was  observed  near  the  trailing  edge  for  the 
high  altitude  condition.  The  large  separation  region  seen  in  Fig.  3(d)  did  not  cause  an  increase  in  turbulence 
production  as  in  the  nominal  altitude  result.  This  could  be  due  the  flow  in  the  recirculation  region  having  a  lower 
amount  of  momentum  causing  a  dampening  effect  to  the  production  of  turbulence. 

For  the  1st  stage  rotor,  the  mean  radius  profile  of  the  TKE  indicated  the  separated  flow  pressure  side  of  the  rotor 
caused  an  increase  in  the  TKE  starting  at  x/rm  ^0.215  as  show  in  Fig.  11(c)  at  the  nominal  altitude  condition.  This 
resulted  in  a  turbulent  boundary  layer  reattachment.  The  suction  surface  boundary  layer  was  turbulent  from  the 
leading  edge  and  the  turbulent  production  began  to  decrease  further  downstream.  At  x/rm  «  0.29  the  TKE  increased 
again  due  to  the  slowing  velocity  near  the  blade  trailing  edge  needed  to  match  the  static  pressure.  A  similar  behavior 
on  both  sides  of  the  rotor  was  observed  for  the  high  altitude  condition  in  Fig.  11(d)  but,  the  magnitude  of  the  TKE 
has  reduced  at  the  higher  altitude  condition  because  of  a  lower  amount  of  turbulence  present  in  the  mean  flow.  Also, 
the  increased  separated  flow  on  the  pressure  surface  served  to  delay  turbulent  reattachment  to  further  downstream. 

2nd  Stage 

The  nominal  attitude  condition  for  the  2nd  stage  vane  in  Fig.  12(a)  highlights  the  separation  region  that  existed  on 
the  suction  side  for  this  vane.  The  separation  region  caused  an  instability  increasing  the  TKE  production  at  x/rm  « 
0.345  as  the  boundary  layer  reattached  and  became  turbulent.  The  regions  near  in  the  end  walls  showed  a  reduction 
in  the  TKE  due  the  hub  vortex  and  the  laminar  flow  from  the  shroud  surface.  At  the  high  altitude,  figure  12(b)  shows 
a  significant  reduction  in  the  TKE  indicative  of  the  laminar  boundary  layer  flow  present  on  both  surfaces.  The 
laminar  boundary  layer  flow  in  combination  with  the  adverse  pressure  gradient  resulted  in  higher  momentum 
endwall  flow  which  led  to  separation  and  large  vortex  production  as  seen  in  Fig.  7(d).  The  2nd  stage  rotor  had  similar 
results  at  both  altitude  conditions  similar  to  the  1st  stage  rotor  as  shown  in  Fig.  12(c)-(d).  The  only  significant 
difference  was  the  growth  of  the  TKE  on  the  pressure  side  due  to  the  increase  in  size  of  the  separation  and 
reattachment  region  at  the  higher  altitude  condition. 

3rd  Stage 

The  separation  and  reattachment  region  extending  the  entire  blade  span  of  the  3rd  stage  vane  suction  surface 
caused  the  mean  radius  TKE  trend  evident  at  x/rm  «  0.64-0.66  in  Fig.  13(a)  at  the  nominal  attitude  condition.  This 
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region  hindered  the  transition  to  turbulence  on  the  blade  surface.  The  boundary  remained  attached  at  the  blade  mid¬ 
span  as  confirmed  in  the  surface  flow  results  (Fig.  9(c))  even  though  the  TKE  decreased  in  the  this  region.  The 
endwall  flow  and  hub  vortex  caused  a  reduction  in  the  turbulent  production  as  observed  for  the  2nd  stage  vane.  Also, 
Figure  13(b)  revealed  similar  behavior  to  the  2nd  stage  vane  at  the  high  altitude  condition.  The  lower  TKE  on  suction 
surface  was  due  to  the  decrease  in  the  3rd  stage  vane  separation  region  compared  to  the  upstream  vanes.  The 
distribution  of  TKE  for  the  3rd  stage  rotor  was  similar  to  the  2nd  stage  rotor  at  both  altitude  conditions  and  is  not 
shown.  This  supports  the  similar  results  obtained  in  the  surface  flow  results  for  both  rotors. 


Turbulent  Kinetic  Energy  ot  Blade  Meon  Radius 


High  Altitude  Condition 
Walters  k-kL-omega  Model 
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021  022  023  02^021  0^.027  028  029  OJ 
i  Suction  Pressure 


Figure  11.  Altitude  Comparison  of  the  1st  Stage  Surface  Turbulent  Kinetic  Energy  Contours 
using  the  Walters  and  Leylek  kj-kL-  a>  model.  (a)lst  Stage  Vane  and  (b)  Rotor  at  the  Nominal  Altitude 
Condition,  (c)lst  Stage  Vane  and  (d)  Rotor  at  the  High  Altitude  Condition 
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Figure  12.  Altitude  Comparison  of  the  2nd  Stage  Surface  Turbulent  Kinetic  Energy  Contours 
using  the  Walters  and  Leylek  kj-k L-a)  model.  (a)2nd  Stage  Vane  and  (b)  Rotor  at  the  Nominal 
Altitude  Condition,  (c)2nd  Stage  Vane  and  (d)  Rotor  at  the  High  Altitude  Condition 
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Figure  13.  Altitude  Comparison  of  the  3rd  Stage  Vane  Surface  Turbulent  Kinetic  Energy 
Contours  using  the  Walters  and  Leylek  kj-kL-co  model.  3rd  Stage  Vane  at  the  (a)  Nominal  and  (b) 
High  Altitude  Condition 
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B.  Altitude  Comparison  of  the  Inlet  and  Exit  Flow  Angles 

The  circumferential  relative/absolute  flow 
angles  were  investigated  to  determine  the  altitude 
effect  on  the  blade  turning  for  each  stage.  Figure 
14(a)  shows  the  normalized  absolute  flow  angles  for 
the  1st  vane  inlet  and  exit.  Flow  angles  were 
normalized  with  respect  to  the  mean  flow  angle  at 
the  nominal  altitude  condition.  The  distribution  of 
the  inlet  flow  angle  for  1st  vane  was  specified  as  an 
inlet  boundary  condition  at  both  altitude  conditions. 

The  increase  in  separated  flow  in  the  vane  at  the 
higher  altitude  reduced  the  vane  exit  flow  angle 
leading  directly  to  a  decrease  in  the  relative  flow 
angle  of  the  downstream  1st  stage  rotor  inlet  (Fig. 

14(b)).  This  flow  angle  change  was  believed  to  be 
the  cause  of  the  increase  in  the  separation  region  on 
pressure  side  of  the  blade.  Figure  14(b)  shows  the 
relative  exit  flow  returned  to  the  same  range 
suggestive  that  the  rotor  could  compensate  for  some 
off  angle  inlet  flow. 

Figure  15  shows  that  the  downstream  2nd  and  3rd 
stage  did  not  have  a  significant  change  in  exit  flow 
angle  as  a  result  of  the  1st  stage  rotor  exit  relative 
flow  angle  having  a  similar  range  for  both  altitude 
conditions.  Although,  the  loss  coefficient  was 
observed  to  increase  for  the  high  altitude  cases  of 
both  these  stages  due  to  an  increased  amount  of 

separated  flow.  This  indicated  that  the  higher  losses  did  not  affect  the  flow  angles  through  the  2nd  and  3rd  stage. 


Figure  14.  Altitude  Comparison  of  the  Normalized  Inlet 
and  Exit  Flow  Angles.  1st  Stage  (a)Vane  and  (b)  Rotor 
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Figure  15.  Altitude  Comparison  of  the  Normalized  Exit 
Flow  Angles,  (a)  2nd  Stage  and  (b)  3rd  Stage  Vane  and  Rotor 
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VI.  Conclusions 

Flows  in  a  multistage  low  pressure  turbine 
geometry  were  simulated  at  a  nominal  and  high 
altitude  condition.  The  high  altitude  condition 
represents  a  low  Reynolds  number  regime  where 
laminar  boundary  layers  are  more  like  to  exist.  In 
order  to  accurately  predict  this  flowfield,  transition 
and  separation  must  be  modeled  accurately.  A  new 
three-equation  laminar-to -turbulent  transitional 
flow  model  developed  by  Walters  and  Leylek  was 
used  in  combination  with  the  mixing  plane 
numerical  technique  to  approximate  the  time- 
averaged  flowfield  using  a  steady-state  simulation. 
The  Walters  and  Leylek  kT-kL-co  model  flowfield 
predictions  were  compared  to  those  obtained  with 
the  Spalart-Allmaras  turbulence  model  at  both 
altitude  conditions. 

Surface  flow  and  flowfield  streamline 
visualization  was  used  to  investigate  vortical 
structures  and  separation  regions  present  within  the 
flowfield  as  sources  of  aerodynamic  losses.  The 
prediction  of  the  amount  and  the  location  of  the 
flow  separation  differed  significantly  depending  on 
the  turbulence  model.  Overall,  less  separated  flow 
was  predicted  with  the  kT-kL-co  model  for  the  1st 
stage,  whereas  the  2nd  and  3rd  stages  more 
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separated  flow  observed  in  the  kT-kL-co  model  predictions  compared  to  the  S-A  model  at  both  altitude  conditions. 
Some  similarities  observed  for  both  model  predictions  were  the  higher  altitude  condition  had  significantly  more 
aerodynamic  losses  from  separated  flow  than  the  nominal  altitude  condition.  Also,  the  vane  for  each  stage  had 
significantly  more  separated  flow  compared  to  the  rotor  blades.  The  flowfield  behavior  was  similar  in  the  rotor 
blades  for  each  stage  with  only  small  separation  regions  at  the  leading  edge.  However,  the  extent  of  the  separation 
and  reattachment  region  differed  depending  on  the  chosen  turbulence  model  and  altitude  condition.  Also,  higher  loss 
coefficient  was  observed  for  each  rotor  stage  because  of  the  inlet  total  pressure  distortion  from  the  upstream  vane  in 
addition  to  its  secondary  flow  losses.  This  was  observed  for  both  turbulence  model  predictions  at  each  altitude 
condition. 

A  previous  investigation  by  Sanders  et  al. 12  suggested  the  boundary  layer  within  the  multistage  LPT  geometry 
was  either  laminar  or  transitional  dependent  on  the  inlet  conditions  at  this  inlet  Reynolds  number  range.  Since  the 
kT-kL-co  model  accounted  for  transitional  flow  effects,  it  is  considered  to  provide  a  more  effective  prediction  of  low 
Reynolds  number  effects  than  the  fully  turbulent  Spalart-Allmaras  model  for  the  multistage  LPT  geometry.  An 
investigation  of  the  growth  of  the  turbulent  kinetic  energy  was  used  as  an  indicator  of  the  state  of  the  boundary 
layer.  The  boundary  layer  was  mostly  transitional  on  the  blade  suction  surface  at  the  nominal  altitude  condition 
whereas  the  boundary  layer  was  mostly  laminar  on  the  vane  suction  surface  for  each  stage  which  resulted  in  more 
separated  flow  present  at  the  higher  altitude  condition.  Based  on  the  results  presented  here,  the  Walters  and  Leylek 
kT-kL-co  transitional  flow  model  is  considered  to  provide  a  superior  method  for  flow  prediction  in  low  pressure 
turbines  at  low  Reynolds  numbers  compared  to  conventional  RANS  turbulence  models.  This  model  also  provided  a 
more  detailed  understanding  of  the  aerodynamic  loss  mechanisms  present  in  low  Reynolds  number  flows. 
Experimental  results  are  needed  to  fully  validate  the  CFD  predictions  using  the  kT-kL-  co  model  technique  for  the 
multistage  LPT  geometry.  Unsteady  CFD  simulations  are  also  needed  to  compare  with  steady-state  predictions  using 
the  mixing  plane  CFD  technique.  This  methodology  will  be  used  to  suggest  methods  to  control  separation  and 
improve  performance  at  low  Reynolds  numbers  for  future  needs. 
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ABSTRACT 

There  is  increasing  interest  in  design  methods  and 
performance  prediction  for  aircraft  engine  turbines  operating  at 
low  Reynolds  numbers.  In  this  regime,  boundary  layer 
separation  may  be  more  likely  to  occur  in  the  turbine  flow 
passages.  For  accurate  CFD  predictions  of  the  flow,  correct 
modeling  of  laminar-turbulent  boundary  layer  transition  is 
essential  to  capture  the  details  of  the  flow.  To  investigate 
possible  improvements  in  model  fidelity,  CFD  models  were 
created  for  the  flow  over  two  low  pressure  turbine  blade 
designs.  A  new  three-equation  eddy- viscosity  type  turbulent 
transitional  flow  model  originally  developed  by  Walters  and 
Leylek  was  employed  for  the  current  RANS  CFD  calculations. 
Previous  studies  demonstrated  the  ability  of  this  model  to 
accurately  predict  separation  and  boundary  layer  transition 
characteristics  of  low  Reynolds  number  flows.  The  present 
research  tested  the  capability  of  CFD  with  the  Walters  and 
Leylek  turbulent  transitional  flow  model  to  predict  the  boundary 
layer  behavior  and  performance  of  two  different  turbine  cascade 
configurations.  Flows  over  the  Pack-B  turbine  blade  airfoil  and 
the  midspan  section  of  a  typical  low  pressure  turbine  (TLPT) 
blade  were  simulated  over  a  Reynolds  number  range  of  15,000- 
100,000,  and  predictions  were  compared  to  experimental 
cascade  results.  The  turbulent  transitional  flow  model 
sensitivity  to  turbulent  flow  parameters  was  investigated  and 
showed  a  strong  dependence  on  free-stream  turbulence  intensity 
with  a  second  order  effect  of  turbulent  length  scale.  Focusing  on 
the  calculation  of  the  total  pressure  loss  coefficients  to  judge 
performance,  the  CFD  simulation  incorporating  Walters  and 
Leylek’s  turbulent  transitional  flow  model  produced  adequate 


prediction  of  the  Reynolds  number  performance  for  the  TLPT 
blade  cascade  geometry.  Furthermore,  the  correct  qualitative 
flow  response  to  separated  shear  was  observed  for  the  Pack-B 
blade  airfoil.  Significant  improvements  in  performance 
predictions  were  shown  over  predictions  of  conventional  RANS 
turbulence  models  that  cannot  adequately  model  boundary  layer 
transition. 

INTRODUCTION 

The  range  and  endurance  of  aircraft  cruising  at  high  altitude 
is  limited  by  multiple  factors,  including  the  operational 
efficiency  of  the  low  pressure  turbine  (LPT).  As  aircraft 
elevation  is  increased,  the  operational  Reynolds  number 
decreases  due  to  the  change  in  density.  The  low  Reynolds 
number  causes  the  development  of  transitional  and  laminar  flow 
boundary  layers  on  the  suction  surface  of  the  low  pressure 
turbine  blades.  Laminar  boundary  layers  cause  the  flow  to  be 
susceptible  to  separation  due  to  the  presence  of  adverse 
pressure  gradients  on  the  suction  side  of  the  blade.  Loss  in 
efficiency  due  to  the  aerodynamic  losses  from  boundary  layer 
separation  causes  loss  in  engine  efficiency,  which  reduces  the 
aircraft  range  and  maximum  altitude.  To  improve  designs, 
improved  capability  for  prediction  of  low  Reynolds  number 
turbine  flows  is  needed. 

The  most  widely  used  CFD  method  for  simulations  involving 
three-dimensional  rotating  turbomachinery  is  the  Reynolds 
Averaged  Navier-Stokes  (RANS)  method  using  statistical 
turbulence  models.  Currently,  Large-Eddy  Simulation  or  Direct 
Numerical  Simulation  CFD  methods  promise  improved 
accuracy  for  flow  predictions,  but  can  require  impractically 
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Figure  1.  Hybrid  0-H  Grid  of  Pack-B  Blade  Airfoil 


Figure  2.  Hybrid  O-H 

long  simulation  times  for  these  types  of  flows  especially  for 
multiple  stage  configurations  as  eventually  planned  as  part  of 
the  current  program.  For  RANS  CFD  solvers,  all  flow 
quantities  are  expressed  as  the  sum  of  mean  and  fluctuating 
parts  where  the  whole  range  of  turbulent  scales  is  being 
modeled. 

Successful  modeling  of  low  Reynolds  number  flows 
involving  laminar  to  turbulent  transition  and  separation  has 
been  limited  when  using  conventional  RANS  turbulence 
models.  Most  conventional  turbulence  models  assume  fully 
turbulent  flow  with  no  transitional  effects,  and  fail  to  predict 
separation  with  any  accuracy.  However,  several  studies  have 
been  done  where  conventional  RANS  turbulence  models  have 
been  modified  to  include  transitional  flow  effects  and 
separation.  Choi  and  Yoo[l]  used  the  low  Reynolds  number 
form  of  Menter’s  k-co  turbulence  model  to  study  the  rotor-stator 
interactions  of  a  single  stage  axial  turbine.  Although  the  model 
did  not  predict  the  onset  of  transition  or  wake-induced  transition 
properly,  it  did  represent  the  general  trend  of  the  transitional 
flow  adequately  with  satisfactory  agreement  with  experimental 
results.  Both  the  Baldwin-Lomax  and  k-s  turbulence  models 
were  modified  to  include  a  natural  transition  model  and  a 
separation  bubble  correlation  and  flow  was  simulated  at  three 
inlet  Reynolds  numbers  of  43,000,  86,000,  and  172,000  for  the 
Pack-B  blade  airfoil  by  Domey  et  al  [2].  The  predicted  total 
pressure  losses  using  both  of  the  modified  turbulent  flow 
models  were  greater  than  the  experimental  values  at  all  three 


Grid  of  TLPT  Blade  Airfoil 

Reynolds  numbers  due  to  the  difference  in  the  separation  and 
reattachment  locations  and  the  size  of  the  separation  region. 

The  eddy  viscosity  expression  from  Menter’s  k-co  model  was 
modified  with  an  intermittency  factor  in  a  study  by  Suzen  et  al 
[3].  This  intermittency  factor  was  modeled  with  a  transport 
equation  while  the  onset  of  transition  was  defined  by 
correlations  for  attached  and  separated  flow  transition.  The 
simulations  were  completed  using  two  different  cascade  grid 
topologies  and  compared  well  with  three  different  experiments 
with  differences  in  separation  and  reattachment  locations. 
Another  approach  by  Praisner  et  al.  [4,5]  used  correlations 
developed  from  an  experimental  database  for  attached  flow 
transition,  laminar  separation  with  turbulent  attachment,  and 
separated-flow  transition.  These  correlations  were  implemented 
in  a  RANS  solver  using  the  Wilcox  k-co  turbulence  model.  The 
model  showed  significant  improvement  in  the  predicted 
accuracy  of  the  total  pressure  loss  for  both  linear  cascades  and 
multi-stage  LPT  rigs  over  a  conventional  fully  turbulent  flow 
model.  A  correlation-based  transitional  flow  model  developed 
by  Menter  et  al.  [6]  used  transport  equations  for  intermittency 
and  the  momentum  thickness  Reynolds  number.  The 
intermittency  equation  is  used  to  trigger  transition  and  is 
coupled  with  Menter’s  k-co  SST  model  used  to  turn  on  the 
production  of  turbulent  kinetic  energy  beyond  the  turbulent 
transition  region.  The  second  transport  equation  is  formulated  in 
terms  of  the  momentum  thickness  Reynolds  number  at  transition 
onset.  An  empirical  correlation  is  used  to  control  the  transition 
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onset  criteria  in  the  intermittency  equation.  This  model  has  been 
applied  to  several  2D  and  3D  geometries  by  Langtry  et  al.  [7] 
including  the  Pack-B  cascade,  a  3D  GE  low-pressure  turbine 
vane,  and  the  T106  blade  undergoing  passing  wakes.  All 
simulations  agreed  well  with  experiments  for  all  test  cases  at  a 
wide  range  of  Reynolds  numbers  and  freestream  turbulent 
intensities. 

Recently,  a  new  three-equation  eddy-viscosity  type  model  has 
been  developed  by  Walters  and  Leylek  [8]  for  modeling 
transitional  flow  effects  to  improve  loss  prediction  capability 
using  RANS  solvers.  Transport  equations  are  used  to  address 
the  development  of  pre-transitional  fluctuations  in  the  boundary 
layer  and  the  breakdown  to  turbulence  to  predict  both  natural 
and  bypass  transition.  This  model  has  been  applied  to  the  cases 
of  a  zero-pressure-gradient  flat  plate  at  various  freestream 
turbulent  intensities  [8]  and  a  circular  cylinder  at  subcritical, 
critical,  and  supercritical  Reynolds  numbers  [9]  with  good 
results.  Also,  the  capability  of  the  new  model  to  predict 
transitional  flow  behavior  has  been  demonstrated  on  a  highly 
loaded  turbine  blade  airfoil  with  and  without  film  cooling  [10] 
and  a  flat  plate  with  pressure  distribution  similar  to  an  axial 
compressor  undergoing  passing  wakes  [11].  The  intent  of  this 
new  model  is  to  provide  the  same  ease-of-use  as  conventional 
turbulence  models.  It  is  independent  of  integral  and  non-local 
inputs,  as  well  as  intermittency  factors. 

The  present  study  examines  the  ability  of  the  Walters  and 
Leylek  laminar-to-turbulent  transitional  flow  model  to  predict 
the  boundary  layer  behavior  and  performance  of  two  different 
turbine  cascade  configurations.  Parametric  studies  of  laminar- 
to-turbulent  transitional  flow  model  sensitivity  to  inlet 
freestream  turbulent  intensity  and  turbulent  length  scale  were 
conducted  to  investigate  how  the  inlet  turbulence  parameters 
affect  transition  and  total  pressure  loss.  Flows  over  the  Pack-B 
research  airfoil  and  the  midspan  airfoil  of  a  typical  low  pressure 
turbine  blade  were  simulated  over  a  Reynolds  number  range  of 
15,000-100,000.  The  simulation  results  are  compared  to 
available  data  from  experimental  studies  and  other  fully 
turbulent  flow  models  to  determine  if  total  pressure  loss 
prediction  is  improved.  The  ultimate  intent  is  to  use  the  Walters 
and  Leylek  model  to  predict  low  Reynolds  number  effects  in 
three-dimensional  geometries  involving  multiple  turbine  stages 
with  rotation.  This  study  provides  the  initial  step  to  baseline  a 
methodology  that  properly  captures  separation  and  transition 
characteristics  for  the  future  needs. 

CFD  NUMERICAL  METHODS 

Gridding  Technique 

The  two-dimensional  grid  of  the  cross  sections  of  the  Pack-B 
blade  airfoil  and  the  TLPT  blade  airfoil  was  based  on  an 
experimental  cascade  configuration.  The  inlet  and  outlet  of  the 
computational  domain  was  placed  one  axial  chord  length 
upstream  and  one  axial  chord  downstream  of  the  blade  leading 
and  trailing  edge,  respectively.  The  axial  chord  length  for  both 
blade  airfoils  was  17.78cm.  The  mid-passage  flow  around  the 
blade  airfoil  was  modeled  with  the  passage  length  equal  to  the 


Figure  3.  Comparison  of  the  Total  Pressure  Loss 


Coefficient  for  the  TLPT  Blade  Airfoil  at  Different  Grids 

blade  pitch.  Periodic  boundaries  were  applied  to  model  an 
infinite  cascade.  The  axial  solidity  for  the  TLPT  blade  airfoil 
was  1.20  and  1.13  for  the  Pack-B  blade. 

The  computational  meshes  used  consisted  of  a  hybrid  O-H 
grid  topology  created  with  Gridgen®  15  mesh  generation 
software  (Figure  1  &  2).  A  structured  O-grid  was  extruded 
normal  to  each  blade  surface  in  order  to  provide  the  resolution 
needed  to  resolve  the  boundary  layer.  The  first  cell  wall 
distance  was  such  that  the  y+  was  less  than  unity  at  every  grid 
point  around  the  blade  airfoil  surface  satisfying  the  y+  tolerance 
for  the  current  transitional  flow  model.  The  O-grid  dimensions 
were  (1749x67)  and  (1749x110)  for  the  Pack-B  mesh  and  the 
TLPT  blade  mesh,  respectively.  The  average  aspect  ratio  for 
both  grid  topologies  was  6.5:1  but  was  as  high  as  30:1  in  cells 
close  to  the  blade  surface.  An  unstructured  mesh  was  placed  in 
the  main  flowpath  consisting  of  triangles  generated  by  a 
modified  Delauney  method.  There  were  33,209  cells  and 
44,091  cells  in  the  main  flowpath  for  the  Pack-B  blade  airfoil 
and  the  TLPT  blade  airfoil,  respectively.  Triangular  cell 
clustering  was  increased  to  provide  enough  resolution  for  the 
wake  region  generated  by  the  trailing  edge. 

A  grid  independence  study  was  completed  on  the  TLPT  blade 
mesh  to  determine  if  the  current  meshing  scheme  provides 
enough  spatial  resolution  to  capture  the  features  of  the  flowfield 
within  the  computational  domain.  Two  grid  topologies  were 
created  by  increasing  and  decreasing  the  number  of  nodes  on 
the  blade  surface  and  in  the  main  flowfield  by  50%  while 
maintaining  the  same  hybrid  O-H  grid  topology.  The  coarse  and 
fine  grids  contained  94,846  and  451,866  cells,  respectively 
while  the  baseline  grid  contained  238,230  cells.  All  three  grid 
topologies  were  simulated  at  inlet  Reynolds  number  of  50,000 
at  an  inlet  freestream  turbulent  intensity  of  1%  and  average 
turbulent  length  scale  of  5  mm  using  a  2nd  order  spatial  accurate 
steady  flow  pressure-based  solver  in  Fluent  6.3®.  The  y+  was 
less  than  unity  around  the  blade  surface  and  the  turbulent 
transition  point  was  the  same  for  all  three  grid  topologies.  The 
wake  total  pressure  loss  coefficient  in  Figure  3  shows  the  effect 
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of  the  wake  distribution  at  the  different  grid  spatial  resolutions. 
The  results  from  the  coarse  grid  showed  a  distorted  total 
pressure  loss  coefficient  due  to  the  low  cell  count  in  the  wake 
region  while  the  baseline  and  fine  grid  indicated  a  similar  total 
pressure  loss  coefficient  distribution.  This  indicated  that  the 
baseline  grid  provided  enough  spatial  resolution  to  capture  the 
effects  of  the  flowfield  in  the  boundary  layer  and  within  the 
wake. 


CFD  Numerical  Scheme 

CFD  simulations  were  performed  using  ANSYS  Fluent  6.3® 
which  is  based  on  a  finite  volume  method.  The  domain  was 
discretized  onto  a  finite  set  of  control  volumes  and  the  general 
conservation  equations  mass,  and  momentum  were  solved  on 
this  set  of  control  volumes.  The  partial  differential  equations 
based  on  the  RANS  equations  shown  in  Eq.(l)  and  Eq.  (2)  were 
discretized  algebraically  and  solved  for  the  mapping  of  the 
flowfield. 
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All  solution  variables  represent  ensemble  or  time  averaged 
values.  The  Reynolds  stress  term-^w'w'  is  resolved  according 

to  the  chosen  turbulence  model  in  order  to  close  the  equation. 
The  RANS  equations  were  discretized  using  the  pressure -based 
coupled  algorithm  which  solved  a  coupled  system  of  equations 
comprising  the  momentum  equations  and  the  pressure -based 
continuity  equation.  The  convergence  rate  significantly 
improved  when  compared  to  the  pressure-based  segregated 
algorithm.  The  two-dimensional  double-precision  parallel 
version  of  Fluent  6.3®  was  run  on  a  HP  XC  Opteron  high 
performance  super-computer.  A  total  of  8-10  processors  were 
used  for  the  steady  simulations  and  16-24  processors  for 
transient  simulations. 

Steady  flow  solutions  were  initialized  based  on  the  inlet 
boundary  conditions  and  iteratively  run  with  a  first-order 
upwind  scheme  until  the  residual  tolerance  for  continuity,  linear 
momentum,  and  turbulence  variables  were  below  10'4.  Then  the 
second-order  upwind  discretization  scheme  was  used  until  the 
minimum  convergence  tolerance  for  all  flow  parameters  was 
below  10'5.  Also,  the  drag  and  lift  coefficients  were  monitored 
to  determine  if  the  steady  state  solution  was  adequately 
converged.  Unsteady  flow  cases  were  initialized  with  the  first- 
order  discretization  steady  flow  solutions  and  run  using  a 
second-order  upwind  spatial  discretization  with  a  second-order 
implicit  temporal  solver.  Time  steps  were  chosen  in  order  to 
obtain  enough  temporal  resolution  to  allow  the  solution  to 
converge  locally  within  20-30  iterations  per  time  step. 


Transitional  Flow  Model  Description 

The  model  is  a  three-equation  eddy-viscosity  type,  with 
transport  equations  for  the  turbulent  kinetic  energy  ( kT ),  laminar 
kinetic  energy  (kL),  and  the  specific  dissipation  rate  (co)  which 
are  given  in  Eqs.  (3)-(5). 
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The  influence  of  the  laminar  and  turbulent  kinetic  energy  on 
the  Reynolds  stress  term  was  included  through  the  prescription 
of  the  total  eddy  viscosity  as  given  in  Eq.  (6).  A  brief  summary 
of  the  current  transitional  flow  model  functionality  is  presented 
below. 
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The  laminar  kinetic  energy  was  used  to  describe  the  low 
frequency  high  amplitude  fluctuations  that  originate  from  the 
pre-transitional  boundary  layer.  These  fluctuations  primarily 
occur  at  one  scale  and  almost  all  energy  was  contained  in  a 
single  streamwise  component.  The  production  of  laminar 
kinetic  energy  was  assumed  to  occur  due  to  a  “splat 
mechanism”.  This  “splat  mechanism”  redirected  the  normal 
fluctuations  of  the  freestream  turbulence  into  a  streamwise 
component  while  creating  local  pressure  gradients  in  the 
boundary  layer,  increasing  the  low  frequency  fluctuations. 
These  fluctuations  grow  to  the  development  of  turbulent  spots 
and  then  to  full  turbulence.  A  local  transition  parameter  that 
depended  on  the  turbulent  energy,  effective  length  scale,  and 
fluid  viscosity  determined  when  this  occurred.  Once  this 
parameter  reached  a  threshold  value,  a  transfer  of  energy  began 
from  streamwise  fluctuations  (kL)  to  turbulent  fluctuations  (kT). 

Both  natural,  mixed,  and  bypass  transition  were  resolved  in 
the  current  model.  Natural  transition  occurred  when  orderly 
laminar  flow  broke  down  to  turbulent  flow  in  presence  of  small 
perturbations.  This  process  was  very  slow  and  was  observed 
when  no  external  forcing  was  applied  and  when  very  small 
perturbations  were  present.  Bypass  transition  evolved  when 
those  perturbations  were  large  enough  to  bypass  the  exponential 
growth  of  Tollmien-Schlichting  (TS)  waves.  The  mixed 
transition  regime  involved  elements  of  both  natural  and  bypass 
transition.  The  production  terms  in  the  current  model  controled 
the  transfer  from  streamwise  fluctuations  to  full  turbulence 
which  depends  on  the  laminar  kinetic  energy  and  the  local  mean 
velocity  in  order  to  include  natural  and  mixed  transition.  A  full 
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description  of  all  model  variables  and  dependences  are 
presented  by  Walters  and  Leylek  [14]. 


Boundary  Conditions 

CFD  boundary  conditions  mirrored  experimental  cascade  test 
conditions  as  described  in  the  next  section.  The  inlet  boundary 
condition  for  the  steady  flow  cases  was  specified  as  a  total 
pressure  inlet  where  static  pressure  was  set  according  to  an 
experimentally  determined  value  of  98870  Pa.  The  inlet  total 
pressure  reflected  the  chosen  Reynolds  number  based  on  the 
axial  chord.  Unsteady  cases  used  a  mass  flow  inlet  boundary 
condition  permitting  the  total  pressure  to  be  calculated  from  the 
interior  solution  which  aided  the  local  convergence  per  time 
step.  The  mass  flow  was  calculated  based  on  the  normal 
component  of  the  velocity  and  inlet  domain  length  (kg/sec- m). 
Simulations  were  run  for  a  Reynolds  number  range  of  10,000- 
100,000.  The  axial  and  tangential  component  of  the  flow 
direction  was  given  based  on  the  design  inlet  flow  angle  for 
each  blade.  The  inlet  angle  for  the  Pack-B  blade  and  the  TLPT 
blade  airfoil  was  35°  and  30.94°,  respectively.  The  experimental 
cascade  blade  airfoil  geometries  were  scaled-up  causing  the 
inlet  Mach  number  to  be  less  than  0.03  for  a  given  inlet 
Reynolds  number.  The  flow  was  assumed  to  be  incompressible 
in  the  CFD  simulations  because  of  this  low  Mach  number.  The 
inlet  turbulent  intensity  and  turbulent  length  scale  were  chosen 
based  on  user  specification  or  experimental  values,  when 
available.  The  inlet  laminar  kinetic  energy  was  set  to  1  O'6 
m/sec2  in  accordance  with  specifications  of  the  turbulence 
model.  No-slip  conditions  were  assigned  to  the  blade  surface 
and  turbulence  parameters  used  a  zero-flux  boundary  condition. 
The  initial  static  pressure  boundary  condition  at  the  outlet  was 
estimated  using  conservation  of  mass  of  the  axial  velocity  and 
ideal  outlet  flow  angle  and  the  assumption  that  no  total  pressure 
loss  occurred  between  the  inlet  and  outlet  planes  following  Eqs. 
(7)  and  (8). 


cos(aJ 

_cos(«0J_ 


(7) 


p  =  p  -  —  u1  (8) 

This  calculation  of  the  outlet  static  pressure  provides  an  initial 
guess  for  the  pressure-based  solver  and  was  adjusted  during  the 
calculation.  The  target  mass  flow  rate  option  was  implemented 
at  the  pressure  outlet  for  the  steady  flow  solutions  in  order  to 
adjust  the  pressure  at  the  outlet  to  meet  the  mass  flow  rate.  The 
target  mass  flow  rate  option  was  not  used  for  the  unsteady  cases 
because  the  mass  flow  was  set  in  the  inlet  boundary  condition. 


EXPERIMENTAL  CONFIGURATION 

The  experimental  work  used  for  comparisons  with  the  CFD 
results  was  conducted  at  the  Air  Force  Research  Laboratory 
(AFRL)  low  speed  linear  cascade  tunnel  at  Wright  Patterson  Air 
Force  Base  (WPAFB)  [2,12-17].  The  wind  tunnel  was  a 


modified  Aerolab  Corporation  drawdown  tunnel  capable  of 
operating  air  speeds  from  3  m/sec  to  20  m/sec.  The  inlet  bell- 
mouth  was  305  cm  wide  and  267  cm  tall.  A  honeycomb  flow 


Figure  4.  Air  Force  Research  Lab  Low  Speed  Cascade 
Wind  Tunnel  View  of  Test  Section  [14] 

straightener  led  to  a  convergent  nozzle  reducing  the  flow  area 
by  87%.  Stryofoam  inserts  were  placed  in  the  flow  straightener 
to  help  minimize  corner  vortices  and  provide  freestream 
turbulent  intensity  less  than  1%.  A  passive  turbulence  grid  can 
be  installed  yielding  freestream  turbulence  levels  up  to  4%. 
Turbulent  length  scales  with  these  grids  have  been  characterized 
by  both  Lake  [12]  and  McQuilling  [13]. 

The  test  section  of  the  cascade  wind  tunnel  (Figure  4)  had  a 
central  hinge  pivot  joint  that  allowed  the  inlet  and  outlet  flow 
angles  to  be  set  for  the  referenced  tests  involving  both  the  Pack- 
B  blade  airfoil  and  the  TLPT  blade  airfoil  studied  in  this 
research.  Eight  blade  airfoils  with  an  outboard  pressure  surface 
blade  were  bolted  to  steel  runners  and  placed  in  the  test  section. 
The  blade  span  was  78.63  cm  to  further  enhance  the  two- 
dimensional  flow  over  the  midspan  region  of  the  blade.  The 
cascade  test  section  exhibited  good  uniformity  and  periodicity 
as  confirmed  by  Lake  [12]. 

Flow  measurements  from  several  different  experimental  studies 
were  used  for  comparison  with  the  CFD  results.  All 
experimental  measurements  were  done  on  blade  #5  to  reduce 
end-wall  effects  from  the  cascade.  For  the  TLPT  blade  airfoil, 
experiments  were  performed  by  Garmoe  [14]  at  an  inlet 
Reynolds  numbers  of  15,000  to  100,000.  Measurements  of  the 
inlet  total  and  static  pressure  were  made  one  axial  chord  length 
upstream  of  the  blade  airfoil  leading  edge  using  a  pitot-static 
probe  mounted  on  a  pitchwise  traverse.  This  measurement  was 
used  to  confirm  the  inlet  Reynolds  number.  Also,  measurements 
of  the  outlet  total  pressure  were  made  one  axial  chord 
downstream  of  the  blade  trailing  edge  using  a  Kiel  probe 
suspended  on  a  pitchwise  traverse.  These  traverses  were  placed 
in  the  same  locations  for  both  the  TLPT  and  Pack-B  blade 
airfoil  cascade  configurations.  These  measurements  were  used 
to  calculate  the  total  pressure  loss  coefficient.  The  local  total 
pressure  was  calculated  using  Eq.  (9)  by  taking  the  time- 
averaged  difference  between  the  inlet  and  outlet  total  pressure 
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and  dividing  by  the  difference  between  the  time-averaged  inlet 
total  and  static  pressure. 


TPLC  = 


\^0,  inlet  ^0,  outlet) 

(P.  =  ) 

X1  0, inlet  1  inlet ) 


(9) 


Performance  of  the  blade  airfoil  was  evaluated  based  on  the 
total  pressure  loss  coefficient,  which  is  an  indirect  measurement 
of  the  entropy  generation.  As  entropy  is  generated  the  total 
pressure  at  the  outlet  decreases  due  to  the  blade  airfoil  trailing 
edge  wake  and  the  loss  coefficient  increases  leading  to  lower 
stage  efficiency.  Inlet  and  outlet  turbulent  intensity 
measurements  were  made  at  the  same  locations  using  a  single 
element  hot  film. 

The  Pack-B  blade  airfoil  flow  was  selected  for  primary 
comparisons  to  the  CFD  simulation  because  of  the  many 
experimental  studies  that  have  been  documented.  Total  pressure 
loss  coefficient  calculations  based  on  experimental 
measurements  of  Casey  [15]  and  Garmoe  [14]  were  used  for 
comparison  with  the  CFD  results.  Boundary  layer  velocity 
measurements  from  the  Particle  Image  Velocimetry  (PIV) 
experiments  of  Woods  et  al.  [16]  were  used  for  comparisons. 
These  measurements  were  extracted  normal  to  the  blade  surface 
at  67.2%,  73%,  79.3%,  84.8%,  89.8%,  and  95%  axial  chord 
locations.  Bons  et  al.  [17]  measured  the  blade  pressure 
coefficient  using  forty  static  pressure  taps  around  the  Pack-B 
blade  suction  and  pressure  surface.  The  static  pressure 
coefficient  is  calculated  using  Eq.  (10). 

Cp  =  M')  (10) 

Qi 

P0  i  is  the  average  inlet  total  pressure,  qt  is  the  average  inlet 

dynamic  pressure,  and  Ps  is  the  static  pressure  on  the  surface  of 
the  blade.  All  measurements  were  taken  at  inlet  Reynolds 
numbers  of  25,000,  50,000,  and  100,000.  Flow  property 
predictions  for  both  blade  airfoil  CFD  configurations  were 
extracted  from  the  simulations  using  a  mathematical  200  point 
rake  located  one  axial  chord  length  upstream  and  downstream 
of  the  blade  leading  and  trailing  edges,  respectively. 

TLPT  BLADE  RESULTS 

Comparisons  with  Other  Turbulence  Models 

The  flow  over  the  TLPT  blade  airfoil  was  simulated  at  an 
inlet  Reynolds  number  of  100,000  using  three  turbulence 
models;  the  Realizable  k-s  [18]  model  with  enhanced  wall 
treatment,  Menter’s  k-co(SST)  turbulence  model  [19]  using  a  low 
Reynolds  number  correction  to  the  turbulent  viscosity,  and  with 
the  Walters  and  Leylek  [8]  kT-kL-co  transitional  flow  model.  The 
simulations  were  run  using  the  steady  flow  solver  in  Fluent® 
6.3.  The  inlet  turbulent  intensity  was  set  to  1%  with  an  inlet 
turbulent  length  scale  of  10.4  mm.  The  transition  to  turbulence, 
the  boundary  layer  integral  parameters,  and  the  wake  total 
pressure  loss  coefficient  were  compared  for  all  three  turbulence 
models.  Figure  5  shows  the  turbulent  kinetic  energy  around  the 


blade  surface  for  the  three  RANS  models.  A  sudden  increase  in 
the  magnitude  of  the  turbulent  kinetic  energy  was  used  as  an 
indicator  of  the  turbulent  transition  point.  On  the  pressure  side 
of  the  blade,  the  flow  remains  largely  laminar  until  the  70% 
axial  chord  position  for  all  three  turbulence  models.  The  shape 


Figure  5.  Comparison  of  Transition  Location  at  Re=1 00,000, 
Tu  =1  %  for  the  TLPT  Blade  Airfoil 

of  the  plots  is  also  similar  for  each  case,  but  there  is  a 
noticeable  magnitude  difference  between  the  kT-kL-co  and  k- 
co(SST)  model  which  is  due  to  the  formulation  of  the  turbulent 
kinetic  energy  and  specific  dissipation  rate  for  each  model. 

The  difference  in  the  transition  behavior  for  the  three 
turbulence  models  is  seen  on  the  suction  side.  The  k-co(SST)  and 
the  kT-kL-co  model  both  produced  transition  at  65%  axial  chord. 
The  k-co(SST)  model  generated  much  less  turbulent  kinetic 
energy  after  the  transition  point  on  both  the  pressure  and  the 
suction  side  of  the  blade  when  compared  to  the  kT-kL-co  model. 
It  was  discovered  that  the  specific  dissipation  rate  around  the 
blade  surface  was  higher  for  the  k-co(SST)  model  than  the  kT-kL- 
co  model.  So,  the  turbulent  kinetic  energy  that  was  being 
generated  in  the  boundary  layer  was  being  converted  into 
viscous  losses  at  a  much  higher  rate  than  with  the  kT-kL-co 
model.  In  contrast,  the  k-s  model  became  turbulent  from  the 
leading  edge  and  exhibited  no  transition  behavior.  This 
demonstrates  the  inherent  limitation  of  conventional  RANS 
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Figure  6.  Comparison  of  the  Boundary  Layer  Integral  Parameters  of  all  Three  Turbulence  Model 

at  Re=1 00,000  for  the  TLPT  Blade 


turbulence  models  in  the  inability  to  model  transitional  flow 
effects. 

Boundary  layer  integral  parameters  were  calculated  from  the 
velocity  profiles  at  four  axial  chord  locations  of  65.3%,  79.4%, 
91.3%,  and  100%  normal  to  the  TLPT  blade  surface.  Figure  6 
compares  the  predicted  boundary  layer  thickness,  displacement 
thickness,  and  momentum  thickness  for  all  three  turbulence 
models.  The  k-s  model  result  has  the  largest  boundary  layer 
thickness  because  the  boundary  layer  was  fully  turbulent  from 
the  leading  edge.  This  resulted  in  a  faster  growth  of  the 
boundary  layer  thickness  than  for  boundary  layers  undergoing 
transition  as  with  the  k-co(SST)  and  kT-kL-co  model.  The 
momentum  thickness  plot  showed  that  k-s  model  yielded  a 
higher  momentum  loss  than  both  the  k-co(SST)  and  kT-kL-co 
models,  indicating  a  more  turbulent  boundary  layer.  The 
boundary  layer  thickness  for  the  k-co(SST)  and  kT-kL-co  models 
were  in  good  agreement  with  each  other  until  the  100%  axial 
chord  location,  where  the  boundary  layer  for  kT-kL-co  model 
grew  at  a  higher  rate  after  transitioning  to  turbulence.  The  k- 
co(SST)  model  exhibited  a  higher  displacement  and  momentum 
thickness  which  indicated  a  larger  mass  deficit  in  the  boundary 
layer  with  a  slightly  higher  momentum  loss  as  compared  to  the 
kT-kL-co  model.  This  was  attributed  to  the  high  amount  of 
specific  dissipation  produced  in  the  boundary  layer  from  the  k- 
co(SST)  model.  Even  though  the  flow  was  transitional,  the  high 
specific  dissipation  rate  produced  more  viscous  losses  in  the 
boundary  layer  which  resulted  in  larger  mass  deficit  and 
momentum  loss  than  the  kT-kL-co  model. 

The  total  pressure  loss  coefficient  plot  shown  in  Figure  7 
indicated  that  k-s  model  produced  the  highest  amount  of  total 
pressure  loss  because  the  flow  was  predicted  as  fully  turbulent. 
The  high  momentum  loss  observed  in  the  boundary  layer 
created  a  larger  total  pressure  loss  in  the  wake  region,  which 
was  over-predicted  compared  to  the  experimental  results  [14]. 
The  most  interesting  result  was  for  the  case  using  the  k-co(SST) 
model.  The  total  pressure  loss  was  as  high  as  the  fully  turbulent 
k-s  model  even  though  the  boundary  layer  was  transitional  and 
momentum  loss  was  slightly  higher  in  the  boundary  layer  than 


with  the  kT-kL-co  model.  This  again  can  be  attributed  to  the 
specific  dissipation  present  in  the  wake  for  the  k-co(SST)  model 
which  was  observed  as  about  20  times  larger  than  the  kT-kL-co 
model.  The  total  pressure  loss  prediction  made  with  the  kT-kL-co 
model  achieved  excellent  agreement  experimental  results  [14]. 
The  kT-kL-co  transitional  flow  model  demonstrated  the  ability  to 
better  predict  transitional  behavior  associated  with  low 
Reynolds  number  flows  than  conventional  RANS  turbulence 
models. 


Pitchwise  Location  (cm) 

Figure  7.  Comparison  of  Total  Pressure  Loss  Coefficient  for 
Turbulence  Models  at  Re=100,000,Tu  =1%  for  the  TLPT  Blade 

Effect  of  Inlet  Turbulence  Parameters  on  Transition 
and  Performance  Prediction 

Experimental  data  for  the  inlet  turbulent  length  scale  was 
unavailable  for  the  TLPT  blade  airfoil,  so  an  estimation  of  the 
inlet  turbulent  length  scale  range  was  needed  for  the  boundary 
condition  specification.  The  sensitivity  of  the  transitional  kT-kL- 
(o  transitional  flow  model  to  the  inlet  turbulent  length  scales  was 
investigated  in  order  to  determine  the  accuracy  tolerance  of  the 
inlet  turbulent  length  scale.  The  turbulent  length  scale 
specification  in  Fluent  6.3®  was  used  to  describe  the  average 
size  of  the  energy-containing  eddies.  The  transition  to 
turbulence  on  the  suction  side  of  the  blade  and  the  wake  total 
pressure  loss  coefficient  was  used  to  study  this  effect.  The  inlet 
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Table  1.  Summary  of  Inlet  Turbulence  Parameters  on 
Transition  Location  and  Maximum  TPLC  for  the  TLPT  Blade 


Re  =50,000,  Tu  =1% 

Re  =50,000,  lm  =  5mm 

lm  (mm) 

Xtrans/Cx 

Max.  TPLC 

Tu  (%) 

Xtrans/Cx 

Max.  TPLC 

2 

0.831 

0.471 

0.724 

0.879 

0.455 

3.5 

0.761 

0.495 

0.75 

0.862 

0.457 

4 

0.753 

0.498 

1 

0.747 

0.499 

5 

0.747 

0.499 

1.5 

0.615 

0.546 

6 

0.749 

0.497 

8 

0.765 

0.488 

Experimental 

20 

0.975 

0.464 

0.724 

0.5765 

lm  (mm) 

St 

Max.  TPLC 

Tu  (%) 

St 

Max.  TPLC 

30 

0.0148 

1.040 

0.5 

0.0139 

0.718 

40 

0.0150 

1.000 

50 

0.0148 

1.015 

Reynolds  number  for  these  steady  flow  simulations  was  set  to 
50,000  with  a  1%  inlet  turbulent  intensity.  The  turbulent  length 
scale  was  varied  over  a  range  of  2-50  mm.  The  results  are 
shown  in  Table  1  and  Figure  8.  This  range  of  inlet  turbulent 
length  scales  is  typical  of  what  was  later  measured  by 
McQuilling  [13]  in  the  AFRL  low  speed  linear  cascade  tunnel 
after  this  turbulent  length  scale  CFD  study  was  performed.  Over 
a  range  of  lm  =  3.5  -  8mm ,  Table  1  shows  that  the  location  of  the 
transition  region  does  not  vary  significantly.  For  the  lm  =  2mm 
case,  the  transition  region  moved  further  downstream  to  the 
83%  axial  chord  position,  indicating  that  as  the  length  scale 
becomes  very  small  the  transition  region  will  move 
downstream.  This  is  consistent  with  the  fact  that  the  magnitude 
of  the  disturbance  that  couples  with  the  boundary  layer  will  be 
reduced  as  the  turbulent  length  scale  decreases.  The  transition 
location  was  also  found  further  downstream  at  the  95%  axial 
chord  location  for  the  lm  =  20mm  case.  At  a  turbulent  length 
scale  of  lm  =  30mm  and  above,  the  flow  within  the  boundary 
layer  becomes  laminar  and  separates.  The  turbulent  scale  has 
grown  large  enough  that  the  freestream  eddies  no  longer 
couples  to  the  boundary  layer  through  the  turbulence  model, 
hence  the  boundary  layer  does  not  transition  to  turbulence.  Thus 
for  the  TLPT  blade  airfoil  there  was  a  range  of  length  scales  in 
which  the  flow  will  transition  from  laminar  to  turbulent,  but 
above  or  below  which  the  boundary  layer  remains  largely  or 
completely  laminar. 

The  maximum  value  of  the  wake  total  pressure  loss 
coefficient  shown  in  Figure  8  also  shows  no  significant 
variation  for  the  lm  =  3.5  -  8mm  range.  The  lowest  value  of  the 
maximum  total  pressure  loss  coefficient  is  calculated  for  the  lm 
=  2mm  and  20mm  cases  due  to  the  transition  region  being 
located  far  downstream  in  comparison  to  the  other  cases.  This 
results  in  a  lower  momentum  loss  in  the  boundary  layer.  The 
total  pressure  loss  is  increased  and  remains  constant  at  turbulent 
length  scales  above  30  mm  because  the  separation  within  the 
laminar  flow  boundary  layer  causes  vortex  shedding  within  the 
wake  region.  The  turbulent  length  scale  must  be  within  a  range 
of  lm  =  2  -  20mm  in  order  to  couple  with  the  boundary  layer  and 
affect  turbulent  transition. 

Sensitivity  of  the  inlet  turbulent  intensity  level  on  turbulent 
transition  location  and  the  total  pressure  loss  coefficient  was 


The  Effect  of  Turbulent  Length  Scale  on  Max.  Outlet  Wake 
Total  Press  Loss  Coefficient  at  Re  =50k,  Tu  =  1% 


Turbulent  Length  Scale,  Lm  (mm) 


Figure  8.  Maximum  Wake  Total  Pressure  Loss  Coefficient 
Verses  Inlet  Turbulent  Length  Scale  at  for  the  TLPT  Blade 

investigated.  Steady  flow  simulations  at  Re  =  50,000  for  the 
TLPT  blade  airfoil  were  also  completed  at  inlet  turbulent 
intensities  of  0.75%,  1%,  and  1.5%.  Unsteady  flow  simulations 
were  completed  at  inlet  turbulent  intensities  of  0.5%  and  the 
experimentally  [14]  measured  inlet  turbulent  intensity  of 
0.724%.  All  these  cases  used  a  constant  turbulent  length  scale 
of  5mm.  Figure  9  shows  the  effect  of  varying  the  inlet  turbulent 
intensity  on  transition.  The  location  of  turbulent  transition  on 
the  suction  side  moves  downstream  as  inlet  freestream  turbulent 
intensity  was  decreased,  while  the  transition  on  the  pressure 
side  remained  unchanged.  The  low-frequency  high  amplitude 
fluctuations  in  the  pre-transitional  boundary  layer  took  longer  to 
develop  because  the  freestream  turbulence  was  reduced,  causing 
transition  on  the  suction  surface  to  be  further  delayed.  In  the 
0.5%  inlet  turbulent  intensity  case,  the  boundary  layer  did  not 
transition  along  the  blade  surface  and  flow  remained  laminar. 
The  presence  of  laminar  flow  caused  vortex  shedding  at  a 
frequency  of  3 25 Hz  and  explained  the  origin  of  the  increase  in 
the  turbulent  kinetic  energy  at  the  trailing  edge.  A  Strouhal 
number  of  0.0139  was  calculated  based  on  the  observed  vortex 
shedding  frequency,  freestream  velocity,  and  momentum 
thickness  at  separation  with  Eq.  (11). 

fshed^sep 


St  -  - 


ua 


(11) 


Figure  9.  Turbulent  Kinetic  Energy  around  the  Blade  at 
Different  Inlet  Turbulent  Intensities  for  the  TLPT  Blade 
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Figure  10.  Comparison  of  Boundary  Layer  Integral  Parameters  at  Different  Inlet  Freestream 
Turbulent  Intensities  at  Re  =50,000  for  the  TLPT  Blade  Airfoil 


Boundary  layer  velocity  profiles  were  then  obtained  at  four 
axial  locations  of  65.3%,  79.4%,  91.3%,  and  100%  normal  to 
the  TLPT  blade  surface.  The  profiles  (not  shown)  revealed  the 
flow  remains  attached  for  all  four  measured  locations  except  for 
the  0.5%  inlet  turbulent  intensity  case.  The  flow  separated  at  the 
100%  axial  chord  location  due  to  the  initial  creation  of  vortices 
from  the  shear  layer  on  suction  side.  The  boundary  layer 
thickness,  displacement,  and  momentum  thickness  shown  in 
Figure  11  were  calculated  from  the  velocity  profiles.  The  largest 
boundary  layer  thickness  was  found  in  the  Tu  =1.5%  case 
because  the  boundary  layer  transitioned  to  turbulence  farthest 
upstream  of  all  the  cases  and  underwent  more  of  the  exponential 
growth  associated  with  turbulent  boundary  layers.  It  also 
contained  the  highest  momentum  thickness  because  of  the  larger 
amount  of  turbulence  present  in  the  mean  flow.  At  the  65.3% 
axial  chord  location,  the  boundary  layer  thickness  was 
approximately  the  same  for  all  cases.  The  smallest  boundary 
thickness  was  found  for  the  Tu  =  0.75%  and  Tu  =  0.724% 
cases,  because  the  transition  locations  are  more  downstream 
than  the  1%  and  1.5%  cases.  The  displacement  thickness  at  the 
four  axial  chord  locations  increased  as  the  inlet  turbulent 
intensity  decreased.  The  largest  displacement  thickness  was 
found  in  the  Tu  =  0.5%  case  because  the  flow  around  the 
suction  side  of  the  blade  was  laminar  and  separated  at  the  100% 
axial  chord  location. 

The  behavior  of  the  boundary  layer  at  the  various  inlet 
turbulent  intensities  was  reflected  in  the  calculation  of  the  total 
pressure  loss  coefficient.  In  Table  1,  the  total  pressure  loss 
coefficient  at  the  several  freestream  inlet  turbulent  intensities 
simulated  are  compared  to  the  Tu  =0.724%  experimental  result 
and  show  the  best  agreement  with  the  Tu  =  1.5%  case.  The  Tu  = 
0.5%  and  Tu  =1.5%  cases  show  that  large  values  of  the  total 
pressure  losses  can  be  produced  by  two  different  types  of  flow 
behaviors.  High  values  of  turbulent  intensity  cause  turbulent 
transition  further  upstream  of  the  blade  resulting  in  higher 
momentum  loss  in  the  boundary  layer.  This  high  momentum 
flow  leads  to  a  higher  total  pressure  loss.  In  contrast,  at  low 
turbulent  intensity  the  flow  remains  laminar  and  separates, 
causing  a  von  Karman  vortex  street.  The  vortices  shed  from  the 
trailing  edge  increases  the  total  pressure  loss  in  the  wake.  The 


Tu  =0.724%  CFD  result  predicted  the  flow  to  transition  furthest 
downstream  of  all  the  cases.  The  total  pressure  loss  coefficient 
was  under-predicted  because  the  momentum  loss  within  the 
boundary  layer  was  the  lowest  of  all  the  cases  where  the  flow 
transitioned.  Experimental  total  pressure  loss  indicated  that  the 
flow  was  more  laminar  than  predicted  with  the  CFD.  So  if  the 
inlet  turbulent  intensity  was  set  in  the  CFD  result  between  0.5% 
and  0.724%  such  that  the  flow  did  not  transition  but  remained 
laminar,  better  agreement  might  be  achieved  with  the 
experimental  results. 

Table  1  summarizes  the  results  of  the  predicted  turbulent 
transition  point  and  maximum  value  of  the  total  pressure  loss 
coefficient  as  inlet  turbulent  length  scale  and  turbulent  intensity 
was  varied.  The  kT-kL-co  transitional  flow  model  does  show  that 
the  inlet  turbulent  intensity  has  a  first  order  effect  on  transition 
and  prediction  of  the  total  pressure  loss  coefficient.  Clearly, 
setting  the  correct  inlet  turbulent  intensity  was  crucial  to  being 
able  to  predict  performance  at  low  Reynolds  numbers  when 
using  current  transitional  flow  model.  The  CFD  simulation 
demonstrated  that  high  total  pressure  loss  can  originate  from 
high  freestream  turbulence  or  laminar  flow  with  the  presence  of 
vortex  shedding.  The  inlet  turbulent  length  scale  had  a  second 
order  effect  on  transition  and  total  pressure  loss  coefficient  and 
needs  to  be  in  the  correct  range  in  order  to  penetrate  the 
boundary  layer  to  affect  transition  and  allow  for  successful 
performance  prediction. 

Performance  Prediction  at  Different  Inlet  Reynolds 
Numbers 

The  TLPT  blade  airfoil  flow  was  simulated  at  individual 
Reynolds  numbers  of  100,000,  75,000,  50,000,  40,000,  and 
15,000  to  determine  if  the  kT-kL-co  transitional  flow  model  could 
adequately  predict  the  varying  Reynolds  number  performance. 
Also,  sensitivity  to  changing  inlet  Reynolds  numbers  was 
evaluated.  The  inlet  freestream  turbulent  intensity  for  the  CFD 
simulations  was  set  to  the  average  inlet  turbulent  intensities 
measured  in  the  experimental  [14]  results  with  the  turbulent 
length  scale,  lm  =  5mm.  The  steady  and  time-mean  velocity 
contour  plots  at  each  inlet  Reynolds  number  are  shown  in 
Figure  11.  The  flow  around  the  TLPT  blade  airfoil  behaved 
similarly  at  Reynolds  number  from  100,000  to  50,000.  When 


9 

62 

Approved  for  public  release;  distribution  unlimited. 


Copyright  ©  2008  by  ASME 


flow  simulation  (Figure  lie)  predicted  a  very  large  separation 
region  beginning  at  the  70%  axial  chord  on  the  suction  side  of 
the  blade. 


the  Reynolds  number  decreased  below  50,000,  the  flow  around 
the  suction  side  of  the  blade  became  laminar  and  began  to 
separate  causing  a  von  Karman  vortex  street  in  the  wake  region 


of  the  blade.  At  the  inlet  Reynolds  number  of  15,000,  the  steady 
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Figure  11(a)-(f).  Velocity  Magnitude  Contour  Plots  of  TLPT  Blade  Airfoil  Simulated  at  a  Range  of  Inlet  Reynolds  Numbers 


Comparison  of  Max.  Total  Pressure  Loss  Coefficient  between 


0  10000  20000  30000  40000  50000  60000  70000  80000  90000  100000 

Reynolds  Number 

Figure  12.  Comparison  of  the  CFD  and  Experimental  [14] 
Maximum  Total  Pressure  Loss  Coefficient  at  a  Range  of 
Inlet  Reynolds  Numbers  for  the  TLPT  Blade  Airfoil 

However,  the  unsteady  simulation  (Figure  Ilf)  predicts  a 
separation  beginning  at  approximately  90%  axial  chord  with  the 
presence  of  von  Karman  vortex  shedding  at  a  frequency  of 
75Hz  in  the  wake  region  corresponding  to  a  St  =  0.0220  based 


on  Eq.  (11).  The  presence  of  the  vortex  shedding  caused  the 
boundary  layer  to  remain  attached  an  additional  20%  further 
than  for  the  steady  flow  solution.  The  separation  region  was 
reduced  due  to  the  generation  of  vortices  from  the  trailing  edge 
of  the  blade. 

The  maximum  value  of  the  wake  total  pressure  loss 
coefficient  is  plotted  in  Figure  12  versus  the  inlet  Reynolds 
number  for  both  the  experimental  and  the  CFD  results  to  show 
the  Reynolds  number  performance  of  the  TLPT  blade  airfoil. 
The  maximum  value  of  the  total  pressure  loss  coefficient  was 
used  instead  of  the  integrated  value  because  the  integrated  total 
pressure  loss  coefficient  was  affected  by  the  width  of  the  wake 
region.  The  width  of  the  wake  region  was  always  larger  than  the 
experimental  value  in  the  CFD  simulation  due  to  the  higher 
numerical  dissipation  inherent  in  the  specific  dissipation 
transport  equation.  The  maximum  total  pressure  loss  coefficient 
was  used  in  order  to  improve  comparisons  of  the  total  pressure 
loss  coefficient  with  experimental  results.  The  CFD  results 
show  excellent  agreement  with  the  experimental  results  [14]  at 
inlet  Reynolds  numbers  of  100,000,  75,000,  and  40,000. 
Discrepancies  existed  between  the  experimental  and  CFD 
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predictions  at  50,000  and  15,000.  As  explained  in  the  previous 
section  with  the  Re  =  50,000,  Tu  =  0.724%  case,  the  CFD 
results  predicted  that  the  flow  does  not  transition  until  85% 
axial  chord,  causing  the  total  pressure  loss  coefficient  to  be 
predicted  lower  than  the  experimental  result  [14].  At  a  Reynolds 
number  of  15,000,  the  steady  flow  simulation  showed  the  best 
agreement  with  the  experimental  result  [14]  even  though  a  large 
amount  of  separation  was  predicted  on  the  suction  side.  The 
unsteady  case  resulted  in  20%  over-prediction  of  the  total 
pressure  loss  coefficient  due  to  the  presence  of  vortex  shedding, 
causing  an  increased  amount  of  turbulence  in  the  wake.  Overall, 
the  CFD  simulations  using  the  kT-kL-co  model  demonstrated  the 
ability  of  the  model  to  adequately  predict  the  inlet  Reynolds 
number  performance  trend  of  the  TLPT  blade  airfoil.  Based  on 
the  prediction  of  performance  results,  the  kT-kL-co  model  shows 
the  potential  to  provide  improved  prediction  of  transitional  flow 
on  a  separated  airfoil.  This  yields  confidence  in  its  capability  of 
providing  the  same  type  of  results  for  full  three-dimensional 
multistage  turbine  airfoils. 

PACK-B  BLADE  AIRFOIL  RESULTS 

Surface  Static  Pressure  Coefficient 

The  Pack-B  blade  airfoil  flow  was  simulated  at  an  inlet 
Reynolds  number  of  25,000,  50,000,  and  100,000.  The 


unsteady  simulations  were  run  with  an  inlet  free  stream  turbulent 
intensity  of  0.6%  and  an  inlet  turbulent  length  scale  of  5cm.  In 
Figure  13,  the  mean  static  pressure  coefficient  distributions  on 
the  blade  airfoil  suction  and  pressure  side  were  compared  to  the 
measurements  of  Bons  et  al  [17]  and  three-dimensional  LES 
results  of  Rizzetta  and  Visbal  [20].  The  current  CFD  result 
predicted  a  higher  static  pressure  on  the  suction  side  of  the 
blade  for  the  Re  =  100,000  case,  but  it  did  predict  the  flow 
separation  and  reattachment  and  followed  the  same  trend  as  the 
experimental  [17]  results.  The  flow  separated  at  70%  axial 
chord  location  and  then  underwent  turbulent  reattachment  at 
approximately  the  93%  axial  chord  location.  The  experiment 
showed  separation  to  begin  more  downstream  at  75%  axial 
chord  and  reattach  at  88%  axial  chord.  On  the  pressure  side  of 
the  blade,  the  predicted  values  are  in  excellent  agreement  with 
the  experimental  values.  At  50,000,  the  current  CFD  results 
were  in  good  agreement  with  the  experimental  results  on  both 
sides  of  the  blade.  The  flow  at  60%  axial  chord  remained 
separated  all  the  way  to  the  trailing  edge  of  the  blade.  The 
surface  static  pressure  on  the  suction  side  was  predicted  lower 
than  the  experimental  result  for  the  Re  =  25,000  case.  The 
location  where  the  separation  first  began  was  the  60%  axial 
chord  location  for  both  the  experimental  result  and  the  current 
CFD  prediction.  The  CFD  was  able  to  adequately  reproduce  the 


Figure  13.  Comparison  of  Surface  Static  Pressure  Coefficient  with  3D  LES  [20]  Simulations  and 
Experimental  Results  [17]  at  Inlet  Reynolds  Numbers  of  a)  100,000,  b)  50,000,  and  c)  25,000  for  the  Pack-B  Blade  Airfoil 


Figure  14.  Comparison  of  the  Boundary  Layer  Velocity  Profiles  at  Inlet  Reynolds  Numbers  of  a)  100,000  and  b)  50,000 

with  the  Experimental  Results  [16]  for  the  Pack-B  Blade  Airfoil 
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static  pressure  distribution  on  the  pressure  side  of  the  blade. 
There  is  a  large  amount  of  unsteadiness  present  in  Re  =  25,000 
case  due  to  vortex  shedding  from  the  separation  bubble,  which 
causes  a  small  static  pressure  increase  beginning  at  95%  axial 
chord. 

The  LES  results  from  Rizzetta  and  Visbal  [20]  predicted 
separation  and  turbulent  reattachment  for  all  simulated  inlet 
Reynolds  numbers.  At  Re  =100,000,  the  separated  and  turbulent 
reattachment  region  was  smaller  and  located  more  upstream  of 
the  blade  than  compared  to  the  Bons  et  al.  [17]  experimental 
result.  The  separation  and  reattachment  region  increased  as  inlet 
Reynolds  number  decreases  from  100,000  to  25,000  which  was 
not  observed  in  the  experimental  results.  In  summary,  this 
shows  the  kT-kL-co  transitional  flow  model  was  very  suitable  for 
the  prediction  of  the  location  of  flow  separation  and 
reattachment  in  separated  shear  layers  in  low  Reynolds  number 
turbine  flows.  It  was  able  to  capture  the  qualitative  flow 
response  better  than  a  similar  three-dimensional  LES 
computation  reported  by  Rizzetta  and  Visbal  [20] . 

Boundary  Layer  Velocity  Profiles 

Time-averaged  values  of  the  boundary  layer  velocity  profiles 
obtained  at  six  axial  chord  locations  of  67.2%,  73.0%,  79.3%, 
84.8%,  89.8%,  and  95.0%  normal  to  the  blade  surface  are 
shown  in  Figure  14  and  15,  with  the  experimental  results  of 
Woods  et  al  [16].  At  the  Re  =  100,000,  the  rake  locations  of 
79.3%,  84.8%,  and  89.8%  in  Figure  14a  show  a  larger 
separation  region  in  the  CFD  prediction  than  in  the 
experimental  results.  The  high  Reynolds  number  caused  the 
separated  shear  layer  to  re-energize  and  undergo  transition  to 
turbulence,  causing  the  flow  to  reattach  to  the  blade  surface. 
The  CFD  predicted  the  flow  to  be  reattached  before  the  95% 
axial  chord  location,  while  the  experiments  show  turbulent  flow 
reattachment  to  occur  before  the  89.8%  axial  chord  location. 
For  the  Re  =  50,000  case,  the  velocity  profile  before  the  73% 
axial  chord  location  in  the  CFD  prediction  was  in  good 


Figure  15.  Comparison  of  the  Mean  Boundary  Layer 
Velocity  Profiles  at  25,000  with  the  Experimental  Results 
[16]  for  the  Pack-B  Blade  Airfoil 


agreement  with  the  experimental  results.  The  size  of  the 
separation  region  was  over-predicted  for  the  CFD  results 
beginning  at  the  73%  axial  chord  location.  The  experimental 
results  indicated  the  separation  region  remains  small  with  a 
recirculation  region  beginning  before  the  95%  axial  chord 
location. 

Figure  15  shows  the  Re  =  25,000  case  where  the  shape  of 
velocity  profiles  were  in  good  agreement  with  experimental 
results  at  the  67.2%  and  73%  axial  chord  locations. 
Downstream  of  those  locations,  the  CFD  predicted  a  larger 
separation  region  than  experimental  results.  The  time-averaged 
behavior  of  the  recirculation  region  caused  by  the  separation 
bubble  was  shown  to  be  similar  for  both  the  CFD  and 
experimental  results.  The  CFD  results  did  not  follow  the  same 
trend  as  the  experimental  results  [16]  in  that  the  separation  grew 
as  the  Reynolds  number  was  decreased.  The  effect  of  neglecting 
the  spanwise  dimension  could  be  the  reason  for  the  discrepancy. 
The  vortical  structures  being  produced  are  three-dimensional 
and  would  be  expected  to  be  weaker  if  the  effect  of  added 
spanwise  dimension  was  included  [20].  The  kT-kL-co  transitional 
flow  model  demonstrated  that  it  can  show  a  qualitative  response 
to  separated  boundary  layers.  There  were  inaccuracies  using  the 
kT-kL-co  transitional  model  in  the  prediction  of  the  size  of  the 
separation  region  for  all  Reynolds  number  cases.  It  is  noted  that 
the  kT-kL-co  flow  model  was  not  specifically  designed  to  model 
boundary  layer  transition  in  separated  shear  layers  [10].  It  was 
intended  to  model  attached  transitional  flows. 

Unsteady  Features  of  the  Flowfield 

The  features  of  the  unsteady  flowfield  have  been  investigated 
to  gain  insight  on  the  behavior  of  the  unsteady  flow  separation 
and  vortex  generation.  Instantaneous  “snapshots”  of  the 
predicted  flowfield  were  taken  for  all  three  Reynolds  number 
simulations.  For  the  Re  =  100,000  case,  a  total  of  44,700  time- 
steps  were  utilized  for  averaging  of  mean-flow  quantities  with  a 
flow  time-step  of  5//sec.  Upon  investigation  of  the  unsteady 
flow  features,  separation  and  reattachment  were  seen  to  occur  at 
every  time  step  as  shown  in  Figure  16.  The  separated  shear 
layer  on  the  suction  side  produces  two  clockwise  vortical 
structures  that  move  downstream.  These  vortical  structures 
break  down  and  reduce  in  magnitude  when  the  separated 
boundary  layer  becomes  reattached  to  the  surface  of  the  blade. 
For  the  Re  =  50,000  simulation,  unsteady  averaging  was 
completed  for  65,534  time-steps  using  a  flow  time-step  of 
50//sec.  Figure  17  shows  contour  plots  of  the  RMS  velocity 
magnitude  and  the  instantaneous  vorticity  magnitude  for  one 
time  step.  The  RMS  velocity  magnitude  contour  shows  a 
negligible  amount  of  unsteadiness  was  present  in  the  flowfield 
and  in  the  separation  region.  Most  of  the  unsteadiness  and 
vorticity  was  being  produced  in  the  shear  layers  for  both  the 
pressure  and  suction  sides. 

In  Figure  18,  vorticity  contour  plots  for  two  instantaneous 
time  steps  show  the  unsteady  nature  of  the  Re  =  25,000  case. 
The  flow  time-step  was  10//sec  and  43,000  time-steps  were 
completed  for  mean  flow  averaging.  The  separated  shear  layer 
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Figure  16.  Instantaneous  Vorticity  Contour  Plot 
at  Re  =  100,000  for  the  Pack-B  Blade  Airfoil 


on  the  suction  side  produced  a  clockwise  vortex,  while  the 
pressure  side  shear  layer  produced  a  counterclockwise  vortex 
that  moved  from  the  trailing  edge  to  the  wake  region.  The 
shedding  vortices  produced  were  time  periodic.  The  time  signal 
of  the  drag  coefficient  (Figure  18)  was  calculated  by  summing 
the  dot  product  of  the  pressure  and  viscous  forces  with  force 
vector  along  wall  boundary.  A  FFT  calculation  was  performed 
to  examine  the  frequency  content  present  in  the  time  signal  of 
the  drag  coefficient.  The  frequency  resolution  based  on  the 
time-step  and  averaging  time  interval  was  1.25Hz.  Three 
dominant  frequencies  of  12.5Hz,  20Hz,  and  45Hz  were  present 
in  the  FFT  calculation.  These  frequencies  originated  from  the 
vortex  generation  on  the  pressure  and  suction  side  caused  by  the 
separated  shear  layer.  The  12.5Hz  and  20Hz  frequency  content 
found  in  the  drag  coefficient  originated  from  the  two  vortices 
generated  on  the  suction  side,  while  the  45Hz  signal  started 
from  the  trailing  edge  vortex  generated  by  the  pressure  side 
shear  layer. 

Total  Pressure  Loss  Coefficient  Predictions 

The  total  pressure  loss  coefficient  predictions  using  the  kT-kL- 
co  transitional  model  for  all  three  Reynolds  number  simulations 
are  shown  in  Figure  19.  The  CFD  results  are  compared  to 


Figure  17.  RMS  Velocity  Magnitude  and  Instantaneous 
Vorticity  Magnitude  Contour  Plot,  Re  =50,000 
for  the  Pack-B  Blade  Airfoil 

experimental  wake  measurements  taken  by  Garmoe  [14]  and 
Casey  [15]  for  a  total  of  two  pitch  lengths.  The  major  difference 
in  the  experimental  measurements  at  Re  =  100,000  was  in  the 
average  inlet  turbulent  intensity,  which  was  reported  as  0.785% 
for  the  Garmoe  [14]  measurements  and  0.437%  for  the  Casey 
[15]  measurements.  The  difference  in  the  location  of  the  wake 
between  the  experimental  measurement  and  the  CFD 
predictions  was  artificial  because  the  traversing  Kiel  probe  had 
a  different  starting  location  for  each  of  the  experimental  results. 
For  the  Re  =  100,000  case,  CFD  prediction  under-predicts  the 


FFT  Calculation  of  Drag  Coefficient  at  Re  =  25,000  for  the  Pack-B  Blade  Airfoil 
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Figure  19.  Comparison  of  Total  Pressure  Loss  Coefficient  with  Experimental  [14,15]  Results  for  the 
Pack-B  Blade  Airfoil  at  Inlet  Reynolds  Numbers  of  a)  100,000,  b)  50,000,  and  c)  25,000  for  the  Pack-B  Blade  Airfoil 


loss  coefficient,  with  88%  and  60%  percent  agreement  with  the 
Garmoe  [14]  and  Casey  [15]  measurements,  respectively.  It  was 
expected  that  the  CFD  prediction  would  lie  between  the  two 
experimental  results  since  the  computational  inlet  turbulent 
intensity  was  0.6%.  The  reason  for  the  under-prediction  was  due 
to  the  turbulent  boundary  layer  reattachment  point  being  located 
further  downstream  on  the  blade  than  the  experimental 
measurements,  resulting  in  a  lower  predicted  momentum  loss 
than  experimentally  measured. 

The  total  pressure  loss  coefficient  prediction  at  Re  =  50,000 
was  over-predicted  with  respect  to  both  Casey’s  [15] 
measurement  made  at  an  inlet  Reynolds  number  of  45,000  and 
inlet  turbulent  intensity  of  0.34%,  and  Garmoe’s  [14] 
measurement  at  Re  =  50,000  with  turbulent  intensity  of  0.84%. 
The  over-prediction  of  the  loss  coefficient  was  because  the  size 
of  the  separation  bubble  in  the  CFD  results  was  larger  than  what 
was  observed  experimentally,  resulting  in  a  large  total  pressure 
loss.  For  the  Re  =  25,000  case,  the  size  of  the  separation  region 
was  over-predicted  by  the  CFD,  yet  the  total  pressure  loss 
prediction  was  lower  than  both  experimental  results.  This  could 
be  due  to  the  behavior  of  the  transport  equations  in  the  kT-kL-co 
transitional  model.  The  specific  dissipation  rate  in  the  wake 
region  may  be  too  low,  causing  a  reduced  rate  of  transfer  of 
turbulent  kinetic  energy  to  small  scale  eddies.  If  the  specific 
dissipation  rate  were  increased,  the  turbulence  being  generated 
from  the  boundary  layer  would  be  transferred  at  a  higher  rate 
due  to  viscous  losses,  thus  increasing  the  total  pressure  loss 
prediction. 

Compared  to  the  TLPT  blade  airfoil,  the  flowfield  for  the 
Pack-B  blade  airfoil  was  very  complex  involving  unsteady 
separated  shear  layers.  The  separated  flow  produced  three- 
dimensional  vortical  structures,  so  the  current  two-dimensional 
computation  was  unable  to  account  for  the  spanwise  distribution 
of  these  three-dimensional  vortical  structures.  The  shed  vortices 
were  expected  to  be  weaker  due  to  the  effect  of  the  added 
spatial  dimension,  but  the  vortices  will  break  apart  due  to 
spanwise  instabilities  [20].  A  three-dimensional  simulation 
using  the  kT-kL-co  transitional  flow  model  might  provide  better 
performance  prediction  for  the  Pack-B  blade  airfoil.  A  future 


simulation  will  consist  of  increasing  the  spanwise  dimension  of 
the  two-dimensional  Pack-B  cascade  model  to  determine  the 
effect  of  three-dimensionality  on  the  separation  and  transition 
development  of  the  Walter’s  model.  Simulation  methods  of 
DNS  [21,22]  and  LES  [23]  have  been  applied  to  Pack-B 
cascade  configuration  and  demonstrated  better  agreement  with 
experimental  results  than  the  current  study.  However,  both  the 
DNS  and  LES  methods  are  currently  computational  expensive 
to  be  applied  to  multistage  geometries.  The  RANS  method  has 
been  the  conventional  means  of  simulating  flow  in  multistage 
rotating  turbomachinary.  Based  on  the  results  reported  here,  the 
future  plan  is  to  apply  Walters  and  Leylek’s  [8]  kT-kL-co 
transitional  flow  model  to  a  multistage  geometry  based  on  the 
TLPT  blade  airfoil  operating  at  low  Reynolds  numbers  of  the 
same  order  of  magnitude  as  simulated  in  the  current  study.  The 
present  study  provides  a  baseline  evaluation  of  how  well  the  kT- 
kL-co  transitional  flow  model  captures  separation  and  transition 
characteristics.  The  kT-kL-co  transitional  flow  model  accuracy 
was  judged  sufficient  for  an  understanding  of  what  was 
happening  within  the  flow  passage,  and  can  identify  when  and 
where  a  separation  event  occurs  which  will  be  the  main  criteria 
for  the  future  investigations. 

CONCLUSIONS 

A  new  three-equation  eddy-viscosity  type  turbulent 
transitional  flow  model  developed  by  Walters  and  Leylek  [8] 
was  tested  to  predict  the  performance  of  two  different  turbine 
cascade  configurations.  A  typical  LPT  blade  airfoil  was 
simulated  for  inlet  Reynolds  numbers  from  15,000  to  100,000. 
Walters  and  Leylek’s  [8]  kT-kL-co  transitional  flow  model 
showed  the  ability  to  predict  the  transitional  flow  behavior 
associated  with  low  Reynolds  number  flows.  The  kT-kL-co 
transitional  flow  model  provided  a  more  accurate  method  for 
performance  predictions  compared  to  conventional  RANS 
turbulence  models.  Sensitivity  of  the  inlet  turbulence  boundary 
conditions  to  the  turbulent  length  scale  and  freestream  inlet 
turbulent  intensity  was  investigated  to  determine  the  effect  on 
prediction  of  the  total  pressure  loss  coefficient.  The  turbulent 
transition  point  and  total  pressure  loss  coefficient  showed  strong 
sensitivity  to  changes  in  the  inlet  freestream  turbulent  intensity, 
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and  second  order  sensitivity  effect  to  the  inlet  turbulent  length 
scale.  Good  agreement  was  obtained  for  the  effect  of  Reynolds 
number  sensitivity  with  the  experimental  results.  The  ability  to 
adequately  predict  the  Reynolds  number  effect  was 
demonstrated  for  the  TLPT  blade  airfoil. 

Flows  over  the  Pack-B  blade  airfoil  were  simulated  at  an  inlet 
Reynolds  numbers  of  100,000,  50,000,  and  25,000.  The 
unsteady  features  of  separation  and  vortex  generation  of  the 
flowfield  were  qualitatively  investigated.  Boundary  layer 
velocity  profiles,  surface  static  pressure  distributions,  and  the 
wake  total  pressure  loss  coefficient  were  compared  to  the 
available  experimental  data.  The  CFD  simulations  showed  good 
agreement  with  the  experimental  results  in  prediction  of 
separation  and  reattachment.  When  compared  to  a  three- 
dimensional  LES  simulation  done  by  Rizzetta  and  Visbal  [20], 
the  kT-kL-co  transitional  flow  model  showed  a  better  qualitative 
response  to  separated  shear  layers  as  seen  in  the  experimental 
measurements,  but  quantitative  inaccuracies  in  the  size  of  the 
separation  region  were  observed.  This  caused  the  prediction  of 
the  total  pressure  loss  coefficient  to  differ  from  the  experimental 
results.  The  behavior  of  the  transport  equations  inherent  in  the 
kT-kL-co  transitional  flow  model  could  be  the  cause  of  the 
discrepancy.  Also,  the  absence  of  spanwise  distribution  of  three- 
dimensional  structures  present  in  separated  shear  layers 
observed  could  lead  to  inaccuracies.  Future  work  involving 
three-dimensional  CFD  simulations  of  Pack-B  blade  using 
Walters  and  Leylek’s  [8]  kT-kL-co  transitional  flow  model  will  be 
considered.  However  it  is  noted  that  this  model’s  results  were 
comparable  to  more  refined  three-dimensional  LES 
investigations  for  this  highly  separated  geometry.  The  kT-kL-co 
transitional  model  demonstrates  the  potential  to  provide 
performance  prediction  of  transitional  flow  for  low  Reynolds 
number  airfoils.  This  model  will  be  applied  to  the  more 
complex  conditions  of  multistage  turbomachinery  geometries 
operating  at  low  inlet  Reynolds  numbers.  This  future  modeling 
would  be  presently  cost  prohibitive  using  DNS  or  LES  methods. 
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pressure  coefficient 
axial  chord 
wall  distance 

kinetic  energy  near-wall  dissipation 
vortex  shedding  frequency 
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Subscripts 
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iJ 
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kinetic  energy 

average  turbulent  length  scale 

pressure;  production  term 

dynamic  pressure 

bypass  transition  production  term 

natural  transition  production  term 

Reynolds  number  based  on  axial  chord 

Strouhal  number 

time  interval 

time 

typical  low  pressure  turbine 
total  pressure  loss  coefficient 
freestream  turbulent  intensity 
velocity  magnitude 
streamwise  fluctuation 
directional  component 
nondimensional  wall  distance 
flow  angle 
turbulent  diffusivity 
Kronecker  delta 
effective  length  scale 
integral  turbulent  length  scale 
molecular  viscosity 
kinematic  viscosity 
density 

specific  dissipation  rate 

total 

indices 

inlet 

laminar 

outlet 

turbulent 
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ABSTRACT 

The  flowfield  of  the  LI  A  blade  airfoil  subjected  to  traversing 
upstream  wakes  was  experimentally  and  computationally  investigated 
at  an  inlet  Reynolds  number  of  25,000.  The  LI  A  blade  airfoil 
represented  a  high-lift  aft-loaded  low  pressure  turbine  blade  design 
that  was  designed  to  separate  at  low  Reynolds  numbers  making  it  an 
ideal  airfoil  for  use  in  flow  separation  control  studies.  This  study 
applied  a  new  two-dimensional  CFD  model  to  the  LI  A  low  pressure 
(LP)  turbine  blade  design  using  a  three-equation  eddy-viscosity  type 
transitional  flow  model  developed  by  Walters  and  Leylek.  Velocity 
field  measurements  using  two-dimensional  planer  Particle  Image 
Velocimetry  were  obtained  and  comparisons  were  made  to  the  CFD 
predictions  using  the  Walters  and  Leylek  [13]  k-kL-co  transitional 
flow  model  and  the  Menter’s  [24]  k-co(SST)  model.  Hotwire 
measurements  and  pressure  coefficient  distributions  were  also  used  in 
comparison  of  each  models  ability  to  predict  the  wake  produced  from 
the  wake  generator  and  the  loading  on  the  LI  A  LP  turbine  blade 
profile  with  unsteady  wakes.  Theses  comparisons  were  used  to 
determine  which  RANS  CFD  model  could  better  predict  the  unsteady 
LI  A  blade  flowfield  at  low  inlet  Reynolds  number.  This  research  also 
provided  further  characterization  of  the  Walters  and  Leylek 
transitional  flow  model  for  low  Reynolds  number  aerodynamic  flow 
prediction  in  low  pressure  turbine  blades. 

INTRODUCTION 

Low  Reynolds  numbers  are  often  encountered  in  low  pressure 
turbines  especially  at  high  altitude  cruise  environments.  The  use  of 
unmanned  aerial  vehicles  has  pushed  the  altitude  limits  even  further, 
resulting  in  extremely  low  Reynolds  number  flows  through  the  LP 
turbine.  This  can  result  in  a  component  efficiency  drop  on  the  order 
of  7  percent  between  takeoff  and  cruise  conditions  for  small  military 
engines  at  high  altitude  [1].  Also,  current  trends  in  gas  turbine  engine 
development  have  been  toward  decreasing  the  number  of  blades  in 
the  LP  turbine  while  maintaining  the  same  amount  of  stage  work. 
Since  almost  one  third  of  the  total  engine  weight  in  a  modern  high- 


bypass-ratio  engine  comes  from  the  LP  turbine  [2],  blade  count 
reductions  can  have  a  substantial  effect  on  weight.  Reduced  blade 
numbers  also  benefit  the  manufacturer  as  it  results  in  a  reduced  part 
count,  reduced  manufacturing  costs,  and  an  increase  in  reliability. 

Low  Reynolds  number  flows  through  the  LP  turbine  can  result  in  a 
laminar  boundary  layer  forming  on  the  suction  surface  of  the  blade. 
Reductions  in  blade  count  have  increased  the  aerodynamic  loading  on 
these  blades  along  with  the  adverse  pressure  gradient  that  is  present. 
If  the  laminar  boundary  layer  is  unable  to  overcome  the  adverse 
pressure  gradient,  the  boundary  layer  will  separate.  It  has  been  shown 
that  a  conventional  LP  turbine  blade  can  have  up  to  60  percent  of  the 
losses  generated  by  the  suction  surface  boundary  layers  [3]. 

Extensive  research  on  reducing  the  profile  loss  due  to  separated 
boundary  layers  at  low  Reynolds  number  has  shown  that  the  effect  of 
unsteady  wakes  shed  from  upstream  stages  can  have  a  profound 
influence  on  profile  loss.  Curtis  et  al.  [3]  showed  that  the  inclusion  of 
wakes  caused  an  attached  transitional  boundary  layer  to  develop  on 
the  blade  surface  which  was  previously  laminar  for  steady  inflow.  In 
a  study  by  Haselbach  [2],  the  inclusion  of  wakes  over  an  “ultra-high” 
lift  blade  showed  comparable  losses  to  the  previous  generation  of 
blades  while  generating  11%  more  lift.  Work  by  Schobeiri  [4]  at  low 
Reynolds  number  demonstrated  that  for  unsteady  inflow  the  Cp 
distribution  on  a  blade  surface  displayed  increased  loading  with  a 
shorter  separated  region  compared  to  steady  inflow,  indicating  lower 
losses  had  also  been  achieved.  Schulte  and  Hodson  [5]  used  hot  film 
measurements  on  a  LP  turbine  blade  to  show  that  a  turbulent  patch 
developed  downstream  of  an  impinging  wake  with  increased  levels  of 
shear  stress.  This  turbulent  spot  was  observed  to  prevent  the 
boundary  layer  from  separating  and  was  followed  by  laminar  or 
“becalmed’  region.  The  becalmed  region  is  said  to  also  prevent  the 
boundary  layer  from  separating  due  to  its  relatively  elevated  shear 
stress  and  more  developed  velocity  profiles.  Similar  studies  [6-9] 
have  shown  the  importance  of  including  unsteady  wake  flow  in 
addition  to  elevated  levels  of  free- stream  turbulence  to  develop 
highly  loaded  LP  turbine  airfoils  with  increased  performance  at  low 
Reynolds  number. 
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With  recent  advances  in  numerical  techniques  and  increased 
computational  resources,  CFD  is  being  widely  applied  to  further 
advance  turbomachinery  designs.  Higher  order  CFD  methods  of 
direct  numerical  simulation  (DNS)  and  large  eddy  simulation  (LES) 
have  been  successfully  applied  to  the  simulation  of  flow  in  a  LP 
turbine  blade  cascade  with  incoming  passing  wakes.  Wissink  [11] 
applied  upstream  artificial  turbulent  wakes  to  a  LP  turbine  blade  at  a 
high  angle  of  attack  using  the  DNS  method.  It  was  stated  that 
longitudinal  vortices  were  found  on  the  blade  pressure  and  suction 
surfaces  due  to  the  straining  of  the  passing  wakes  by  the  freestream 
flow.  Sarkar  [12]  demonstrated  that  LES  can  be  used  to  characterize 
the  flow  instabilities  during  transition  of  a  separated  boundary  layer 
under  the  influence  of  periodic  wakes  similar  to  the  DNS  method  at  a 
reduced  computational  cost.  Spectral  analysis  showed  the  shear  layer 
instability  downstream  of  the  separation  occurred  due  to  a  Kelvin  - 
Helmholtz  mechanism  and  caused  the  periodic  shedding  of  coherent 
vortices. 

Currently,  the  LES  and  DNS  CFD  methods  promise  improved 
accuracy  for  flow  predictions,  but  require  long  simulation  times. 
These  methods  are  thus  not  suitable  for  the  turbomachinery  design 
process  and  simulations  of  complicated  multiple  stage  geometries. 
The  most  widely  used  CFD  method  for  simulations  involving  three- 
dimensional  rotating  turbomachinery  is  the  Reynolds  Averaged 
Navier-Stokes  (RANS)  method.  Accurate  prediction  of  aerodynamic 
losses  due  to  separation  and  laminar-to-turbulent  transitional  flow  is 
required  for  RANS  CFD  method  to  continue  to  play  an  integral  role 
in  the  design  process,  particularly  for  optimization.  Previous  studies 
have  been  completed  where  conventional  statistical  turbulence 
models  have  been  modified  to  predict  separation  and  transitional  flow 
effects  using  additional  transport  equations  in  combination  with 
empirical  correlations  [13-16].  These  modified  RANS  models 
showed  significant  improvement  in  the  prediction  of  aerodynamic 
flow  effects  at  low  Reynolds  numbers  in  LP  turbine  blade  geometries 
over  conventional  turbulence  models  [17,18]. 

The  recent  development  of  an  improved  turbulent  transition  model 
by  Walters  and  Leylek  [13]  appears  to  offer  the  possibility  of 
improved  accuracy  for  low  Reynolds  number  LP  turbine  flow 
predictions  using  the  RANS  CFD  method.  Transport  equations  are 
used  to  address  the  development  of  pre-transitional  fluctuations  in  the 
boundary  layer  and  the  breakdown  to  turbulence  to  predict  both 
natural  and  bypass  transition.  The  capability  of  the  new  model  to 
predict  the  unsteady  transitional  flow  behavior  has  been  demonstrated 
on  a  flat  plate  with  a  pressure  distribution  similar  to  an  axial 
compressor  undergoing  passing  wakes  by  Walters  and  Leylek  [19]. 
Work  has  been  completed  by  the  current  authors  [20-22]  in 
characterizing  the  Walters  and  Leylek  transitional  flow  model  for 
aerodynamic  flow  predictions  at  low  Reynolds  number  in  LP  turbine 
geometries.  The  ability  to  predict  aerodynamic  losses  at  low  inlet 
Reynolds  number  was  demonstrated  for  two-dimensional  cascade 
CFD  models  on  three  low  pressure  turbine  blade  airfoils  [20,21]  and 
a  multistage  low  pressure  turbine  geometry  [22,23].  The  model 
provided  a  more  effective  prediction  of  the  aerodynamic  loss 
mechanisms  present  in  low  Reynolds  number  flows  compared  to 
conventional  turbulence  models. 

A  prerequisite  of  improving  the  performance  of  LP  turbine  blades 
is  efficiently  and  accurately  predicting  their  performance  during  the 
design  phase.  Researchers  at  the  U.S.  Air  Force  Research  Labs 
(AFRL)  have  developed  a  design  tool  that  has  been  used  to  create  a 
series  of  new  LP  turbine  blade  profiles  that  push  the  aerodynamic 
loading  and  low  Reynolds  number  performance  capabilities  of  LP 
turbines  [10].  As  part  of  the  design  and  validation  process,  new  blade 
profiles  have  been  studied  post-design  by  academia  and  AFRL  using 
experimental  facilities  and  commercial  computational  codes. 

This  present  post-design  study  presents  an  experimental  and 
computational  comparison  of  the  AFRL  designed  LI  A  low  pressure 
turbine  blade  profile  behavior  in  periodic  unsteady  conditions. 
Measurements  were  taken  using  two-dimensional  planer  Particle 
Image  Velocimetry  (PIV)  and  velocity  field  data  was  generated  for 


six  phases  of  wake  passing.  This  paper  applies  the  Walters  and 
Leylek  [13]  laminar-to-turbulent  transitional  flow  model  to  predict 
the  unsteady  aerodynamic  flow  behavior  of  the  highly  loaded  LI  A 
blade  airfoil  cascade  configuration  subjected  to  upstream  passing 
wakes.  The  purpose  was  to  determine  if  the  proposed  model  can 
predict  unsteady  flow  behavior  similar  to  the  periodic  disturbances 
from  wakes  shed  from  upstream  vane  impinging  on  the  downstream 
rotor  blade  found  in  multistage  turbine  flows.  A  Reynolds  number  of 
25,000,  based  on  inlet  velocity  and  blade  axial  chord  was  used  in 
both  the  CFD  and  experimental  results.  The  simulations  were 
compared  to  experimental  cascade  results  and  CFD  simulations 
completed  using  the  fully  turbulent  Menter’s  [24]  k-co(SST)  model  at 
low  inlet  freestream  turbulence  intensities.  The  effect  on  the  upstream 
wake  was  investigated  on  the  unsteady  flowfield,  the  separation 
region,  and  the  blade  loading  compared  to  LI  A  blade  baseline 
cascade  configuration  without  upstream  wakes.  This  model  can 
potentially  provide  the  same  prediction  capability  for  more 
complicated  unsteady  flowfields  found  in  multistage  LP  turbine  blade 
geometries. 

EXPREMINENTAL  METHODS 

The  experimental  measurements  were  performed  on  a  linear 
cascade  of  highly  loaded  LP  turbine  blades  in  the  AFRL  low  speed 
wind  tunnel  (LSWT)  at  Wright-Patterson  Air  Force  Base.  A  more 
detailed  description  of  this  facility  is  found  in  Sondergaard  et  al.  [25] 
and  Rivir  et  al  [26] .  The  wind  tunnel  is  an  open  circuit  type  with  a 
0.85m  tall  by  1.22m  wide  test  section  containing  the  linear  turbine 
cascade.  The  inlet  is  a  3.0m  by  2.7m  rectangular  bell-mouth  with  an 
8:1  gradual  reduction  in  cross-sectional  area.  Air  enters  through  a 
series  of  honeycomb  flow  straighteners  which  produce  flow 
uniformity  better  than  1%  and  a  free- stream  turbulence  intensity 
(FSTI)  of  approximately  0.5%  at  the  cascade  test-section  inlet  [27]. 

The  linear  cascade  consists  of  seven  fully  immersed  LI  A  blade 
profiles  and  two  partial  blade  profiles  on  either  end.  These  blades 
were  designed  by  Clark  and  Koch  [28]  and  were  manufactured  using 
cast  polyurethane.  The  cascade  blade  profile  has  an  axial  chord  (Cx) 
of  0.178m,  a  span  of  0.88m,  and  a  solidity  of  0.99.  This  aft  loaded 
blade  has  the  same  design  inlet  and  exit  angle  as  the  Pack  B,  60  and 
30  degrees  respectively.  The  LI  A  profile  is  a  very  highly-loaded  low 
pressure  turbine  blade  with  a  calculated  incompressible  Zweifel 
coefficient  of  1.23  based  on  Eq.  (1). 

z„  =  2-^- cos2  aoul(tmain-tmaoul)  (1) 

'-'x 

The  LI  A  profile  generates  17%  more  lift  than  the  Pack  B,  which 
correlates  to  a  17%  blade  count  reduction.  The  LI  A  profile  is  an  aft 
loaded  design  making  it  prone  to  separation  under  steady  flow 
conditions  due  to  the  axial  location  of  the  peak  velocity  and  strong 
adverse  pressure  gradient  on  the  blade  suction  surface.  This  blade 
was  designed  for  use  in  flow  control  studies  in  which  separation  may 
be  suppressed  while  maintaining  the  benefits  of  both  very  high 
loading  and  aft  loading  [29].  In  a  previous  study  performed  in  the 
same  facility,  it  was  shown  for  Reynolds  numbers  less  than  40,000 
(based  on  inlet  velocity  and  axial  chord)  and  a  FSTI  of  3.4%,  the 
LI  A  profile  exhibits  a  non-reattaching  separation  zone  with  high 
losses  [30].  These  characteristics  were  desired  for  the  current  study  to 
demonstrate  the  capability  of  the  model  under  steady  and  unsteady 
inflow.  A  schematic  of  the  linear  cascade  and  the  wind  tunnel  is 
shown  in  Fig.  1. 
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From  Bell  Mouth 


Figure  1.  Schematic  of  linear  cascade  wind  tunnel  with 
turbulence  generator 


The  LSWT  at  AFRL  houses  a  moving  bar  wake  generator  that  is 
used  to  produce  periodic  unsteadiness  in  the  flow  impinging  upon  the 
linear  cascade  to  simulate  the  effect  of  upstream  vane  row  wake 
shedding.  A  more  detailed  description  of  the  wake  generator  design 
and  characterization  is  found  in  Nessler  et  al.  [31].  The  wake 
generator  configuration  is  such  that  the  entire  structure  is  enclosed 
inside  the  wind  tunnel  upstream  of  the  cascade  and  is  confined  within 
the  tunnel  wall  boundary  layer  flow  to  minimize  flow  disturbances. 
Similar  to  other  squirrel  cage  designs,  cylindrical  rods  are  used  as  the 
wake  generating  mechanism.  Eighteen  rods  were  oriented  vertically 
and  fastened  to  a  hollow  pin  chain  running  along  the  top  and  bottom 
of  the  wind  tunnel.  Chain  speeds  over  5.0m/s  can  be  obtained  with 
acceptable  rod  vibrations  allowing  the  rod  speed  to  match  the  inlet 
flow  velocity  for  Reynolds  numbers  below  50,000. 

In  this  investigation,  3.2mm  (1/8  inch)  diameter  unidirectional 
carbon  fiber  rods  with  a  spacing  of  17.8cm  were  used  to  match  the 
diameter  of  the  trailing  edge  and  the  blade  spacing  of  the  LI  A 
profile.  The  wake  generator  was  placed  with  the  rods  8.89cm,  half  of 
an  axial  chord  length,  upstream  of  the  linear  cascade.  The  rod  passing 
frequency  was  chosen  such  that  it  yielded  a  flow  coefficient  of  0.8 
resulting  in  a  rod  velocity  that  approximately  equaled  the  free-stream 
velocity.  The  18  cylindrical  rods  span  across  36%  of  the  total  chain 
length  so  that  secondary  wakes  generated  from  rods  making  the 
upstream  traverse  back  across  the  wind  tunnel  would  not  interfere 
with  the  primary  wakes.  A  schematic  of  the  wake  generator  track 
configuration  in  reference  to  the  linear  cascade  is  shown  in  Fig.  2(a) 
and  a  complete  CAD  drawing  of  the  wake  generator  installed  in  the 
wind  tunnel  is  shown  in  Fig.  2(b).  In  order  to  ensure  the  wake 
generator  structure  did  not  disturb  the  flow,  cascade  periodicity 
across  the  blade  set  was  verified  by  total  pressure  measurements 
upstream  and  one  chord  length  downstream  of  the  turbine  blades.  The 
periodicity  was  checked  at  a  Reynolds  number  of  50,000  with  and 
without  the  wake  generator  running. 


From  Bell  Mouth 


Figure  2.  (a)  Wake  generator  track  configuration  (b)  CAD 
model  of  wake  generator  installed  in  wind  tunnel 


Phase-locked  two-dimensional  planar  PIV  measurements  were 
taken  above  the  suction  surface  of  the  LI  A  profile  for  six  different 
phases  of  wake  passing.  Details  of  the  PIV  setup  can  be  found  in 
Nessler  et  al.  [32].  Seed  particles  were  illuminated  through  a  thin 
laser  sheet  along  the  flow  direction  of  the  suction  surface  at 
approximately  mid-span  of  blade  three.  A  high-resolution  cross¬ 
correlation  digital  camera  was  used  with  a  resolution  of  1600  by  1200 
pixels  and  the  field  of  view  covered  approximately  90%  to  45%  axial 
chord  (Cx).  Seeding  of  the  flow  was  done  using  a  commercial  fog 
generator  which  produces  atomized  particle  sizes  on  the  order  of 
micro-meters.  Data  was  analyzed  using  PIV  analysis  commercial 
software  Flowmanager.  Results  were  obtained  through  cross¬ 
correlation  with  multiple  passes  using  interrogation  domains  of  128, 
64,  and  32  pixels  with  an  overlapping  of  50%.  Since  turbulence 
statistics  were  not  needed,  each  phase  consisted  of  150  image  pairs. 

Phase  locking  of  the  PIV  measurements  was  done  using  quick 
response  phototransistor  optical  sensors  placed  along  the  wake 
generator  chain  which  externally  triggered  the  pulse  generator.  The 
wake  passing  event  was  split  into  six  phases  with  the  first  phase 
nominally  beginning  with  a  rod  positioned  directly  upstream  from  the 
leading  edge  of  blade  four.  The  temporal  delay  between  the  two  laser 
pulses  was  a  function  of  flow  velocity,  optical  magnification,  and 
interrogation  spot  size.  The  delay  for  each  phase  however,  was  based 
on  rod  velocity  and  the  distance  the  rod  needed  to  travel  from  the 
sensor.  A  diagram  of  the  different  phases  is  shown  in  Figure  3.  The 
black  filled  rods  in  this  figure  demonstrate  the  placement  for  the  first 
phase,  while  the  dotted  circles  are  rod  locations  for  the  next  five 
phases. 


Figure  3.  Diagram  of  the  different  wake  generator 
locations  for  each  of  the  six  phases  [32] 


CFD  NUMERICAL  METHODS 
Computational  Grid  Technique 

The  two-dimensional  grid  of  the  cross  section  of  the  L1A  blade 
airfoil  with  and  without  upstream  wake  generators  was  based  on  the 
experimental  cascade  configuration.  The  computational  meshes 
shown  in  Fig.  4  consisted  of  a  hybrid  O-H  grid  topology  created  in 
Gridgen®  15  mesh  generation  software.  A  structured  O-grid  was 
extruded  normal  to  each  blade  surface  in  order  to  provide  the 
resolution  needed  to  resolve  the  boundary  layer.  The  O-grid 
dimensions  were  (1099x71)  for  the  LI  A  blade  mesh.  The  first  cell 
wall  distance  was  such  that  the  y+  was  less  than  unity  at  every  grid 
point  around  the  blade  airfoil  surface,  satisfying  the  y+  tolerance 
requirement  for  the  transitional  flow  model.  The  average  aspect  ratio 
for  each  grid  topology  was  6.5:1,  but  was  as  high  as  30:1  in  cells 
close  to  the  blade  surface.  An  unstructured  mesh  was  placed  in  the 
main  flowpath  consisting  of  16,399  and  23,018  triangular  cells  for  the 
L1A  blade  baseline  and  L1A  blade  with  upstream  wake  generators 
grids,  respectively.  The  clustering  of  the  unstructured  H-grid  cells 
was  increased  to  provide  enough  resolution  for  the  wake  region 
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generated  by  the  trailing  edge.  The  inlet  domain  was  located  22.9cm 
from  the  LI  A  blade  leading  edge  in  the  baseline  grid.  The  inlet 
domain  was  reduced  to  1.87cm  in  the  stream  wise  direction  from  the 
leading  edge  in  the  LI  A  blade  with  upstream  wake  generators  grid. 
The  outlet  of  the  LI  A  blade  domain  was  placed  2  axial  chord  lengths 
downstream  of  the  trailing  edge  in  the  streamwise  direction  to 
encompass  any  experimental  wake  measurement  locations.  A  formal 
grid  independence  study  was  completed  using  this  type  of  grid 
methodology  on  turbine  blades  similar  to  the  LI  A  blade.  This  grid 
methodology  provided  enough  spatial  resolution  to  capture  the  effects 
of  the  flowfield  in  the  boundary  layer  and  within  the  wake  region 
[20]. 

Another  hybrid  O-H  grid  for  a  circular  cylinder  (Fig.  4(c))  was 
placed  upstream  of  the  LI  A  blade.  The  center  of  the  cylinder  was 
placed  a  distance  of  19.3cm  (60 ]Dcyi)  in  the  streamwise  direction  from 
the  leading  edge  of  the  LI  A  blade  consistent  with  the  experimental 
configuration.  The  cylinder  was  used  to  generate  unsteady  wakes 
similar  to  the  actual  wakes  generated  from  an  upstream  LP  turbine 
vane.  The  inlet  boundary  was  placed  upstream  22.9cm  (72Dcy/)  in  the 
streamwise  direction  from  the  cylinder  center.  The  shape  of  the 
cylinder  domain  was  based  on  the  inlet  relative  flow  angle,  ft  =  62.5°, 
which  corresponded  to  a  flow  coefficient  and  cylindrical  rod  speed  as 
set  in  the  experimental  configuration.  The  wake-passing  frequency 
based  on  wake  generator  traversing  speed  was  12.8Hz.  A  structured 
O-grid  with  dimensions  of  (249x46)  was  placed  around  the  cylinder 
and  the  unstructured  H-grid  with  20,999  cells  was  placed  in  the 
flowpath  and  the  cylinder  wake  region.  The  y+  was  less  than  unity  at 
every  grid  point  around  the  wake  generator  surface.  The  unstructured 
cell  count  and  clustering  was  made  fine  enough  to  resolve  the  small 
vortical  structures  produced  from  the  cylinder  within  the  wake 
region. 

CFD  Numerical  Scheme 

CFD  simulations  were  performed  using  ANSYS  Fluent  12.0® 
which  was  run  on  a  SGI  Altix  4700  high  performance  super¬ 
computer  using  a  total  of  32  processors  for  the  unsteady  simulations. 
Unsteady  flow  cases  were  initialized  with  the  first-order 
discretization  steady  flow  solutions.  The  steady  flow  solutions  were 
initialized  based  on  the  inlet  boundary  conditions  and  iteratively  run 
with  a  first-order  upwind  scheme  until  the  residual  tolerance  for 
continuity,  linear  momentum,  and  turbulence  variables  were  below 
10'4.  The  unsteady  flow  case  was  run  using  a  second-order  upwind 
spatial  discretization  with  a  second-order  implicit  temporal  solver.  A 
minimum  convergence  tolerance  of  10'5  was  used  for  continuity  and 
momentum  equations  whereas  the  turbulence  variables  used  a 
convergence  tolerance  of  10"4  in  order  to  reduce  the  number  local 
iterations  per  time  step.  Time  steps  were  chosen  in  order  to  obtain 
enough  temporal  resolution  to  allow  the  solution  to  converge  locally 
within  40-50  iterations  per  time  step. 


The  translating  motion  of  the  wake  generators  placed  upstream  of  the 
LI  A  blade  airfoil  was  modeled  using  the  sliding  mesh  technique 
within  ANSYS®  Fluent  12.0.  It  is  the  most  accurate  method  for 
simulating  flows  in  multiple  moving  reference  frames  and  yet  the 
most  computationally  demanding.  Unsteady  interactions  due  to  the 
potential  flowfield,  and  convecting  wakes  needed  to  be  accounted 
for,  so  a  time-dependent  solution  procedure  was  required.  The  two 
cell  zones  will  move  relative  to  each  other  along  the  grid  interface  in 
discrete  steps  during  the  calculation.  Interface  zones  were  set  up  at 
the  inlet  and  outlet  of  the  circular  cylinder  domain  at  the  points  where 
the  domain  was  moved  relative  LI  A  blade  airfoil  domain. 

Walters  and  Leylek  Transitional  Flow  Model 
Description 

The  model  used  in  this  study  is  a  three-equation  eddy-viscosity 
type,  with  transport  equations  for  the  turbulent  kinetic  energy  ( kT ), 
laminar  kinetic  energy  (kL),  and  the  specific  dissipation  rate  (co) 
which  are  given  in  Eq.  (4)-(6). 
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The  influence  of  the  laminar  and  turbulent  kinetic  energy  on  the 
Reynolds  stress  term  was  included  through  the  prescription  of  the 
total  eddy  viscosity  as  given  in  Eq.  (7).  A  brief  summary  of  the 
current  transitional  flow  model  functionality  is  presented  below. 


3  ^TOT^ij  (7) 

The  laminar  kinetic  energy  was  used  to  describe  the  low 
frequency,  high  amplitude  fluctuations  that  originated  from  the  pre- 
transitional  boundary  layer.  These  fluctuations  primarily  occurred  at 
one  scale  and  almost  all  energy  was  contained  in  a  single  streamwise 
component.  The  production  of  laminar  kinetic  energy  was  assumed  to 
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Figure  4.  Two-dimensional  hybrid  O-H  grid  of  the  (a)  LI  A  blade  baseline,  (b)  LI  A  blade  with  upstream  wake  generators,  and 

(c)  magnified  view  of  wake  generator  O-H  grid  region 
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occur  due  to  a  “splat  mechanism”  which  redirected  the  normal 
fluctuations  of  the  freestream  turbulence  into  a  streamwise 
component  while  creating  local  pressure  gradients  in  the  boundary 
layer,  thus  increasing  the  low  frequency  fluctuations.  These 
fluctuations  grow  and  develop  into  turbulent  spots  and  then  to  full 
turbulence.  A  local  transition  parameter  that  depended  on  the 
turbulent  energy,  effective  length  scale,  and  fluid  viscosity 
determined  when  this  occurred.  Once  this  parameter  reached  a 
threshold  value,  a  transfer  of  energy  began  from  streamwise 
fluctuations  (kL)  to  turbulent  fluctuations  (kT). 

Both  natural,  mixed,  and  bypass  transition  were  resolved  in  the 
Walters  and  Leylek  [13]  transitional  flow  model.  Natural  transition 
occurred  when  orderly  laminar  flow  broke  down  to  turbulent  flow  in 
the  presence  of  small  perturbations.  This  process  was  very  slow  and 
was  observed  when  no  external  forcing  was  applied  and  when  very 
small  perturbations  were  present.  Bypass  transition  evolved  when 
those  perturbations  were  large  enough  to  bypass  the  exponential 
growth  of  Tollmien-Schlichting  (TS)  waves.  The  mixed  transition 
regime  involved  elements  of  both  natural  and  bypass  transition.  The 
production  terms  in  the  current  model  controlled  the  transfer  from 
streamwise  fluctuations  to  full  turbulence  which  depended  on  the 
laminar  kinetic  energy  and  the  local  mean  velocity  in  order  to  include 
natural  and  mixed  transition. 

The  fully  turbulent  Menter’s  [24]  k-co(SST)  model  was  simulated 
using  the  L1A  blade  with  upstream  wake  generators  in  order  to 
compare  with  the  prediction  of  the  flowfield  using  the  k-kL-co 
transition  model.  This  model  was  chosen  due  to  its  ability  to  predict 
fully  turbulent  flow  due  to  adverse  pressure  gradients.  It  was 
developed  to  blend  accurate  standard  k-co  model  in  the  near  wall 
region  with  the  freestream  independence  of  the  k-s  model  in  the  free 
shear  region.  The  low  Reynolds  correction  was  enabled  where  a 
coefficient  dampens  the  turbulent  viscosity  in  the  flowfield.  A  full 
description  of  each  model  variables  and  dependences  was  presented 
in  the  Fluent  12.0  User  Manual  [33]. 

Boundary  Conditions 

The  CFD  boundary  conditions  mirrored  experimental  cascade  test 
conditions.  The  inlet  boundary  condition  for  the  steady  flow  cases 
was  specified  as  a  total  pressure  inlet  where  static  pressure  was  set 
according  to  an  experimentally  determined  value  of  97900  Pa.  The 
inlet  total  pressure  reflected  the  chosen  Reynolds  number  of  25,000. 
A  mass  flow  inlet  boundary  condition  was  used  in  order  to  permit  the 
total  pressure  to  be  calculated  from  the  interior  solution  which  aided 
the  local  convergence  per  time  step.  The  mass  flow  was  calculated 
based  on  the  normal  component  of  the  velocity  and  inlet  domain 
length  (kg/sec- m).  The  axial  and  tangential  component  of  the  flow 
direction  was  given  based  on  the  design  inlet  flow  angle  of  35°.  The 
experimental  cascade  LI  A  blade  airfoil  was  scaled-up  causing  the 
inlet  Mach  number  to  be  less  than  0.03  for  a  given  inlet  Reynolds 
number.  The  flow  was  therefore  assumed  to  be  incompressible  in  the 
CFD  simulations.  The  inlet  turbulent  intensity,  Tu  =  0.5%,  and  inlet 
turbulence  length  scale,  lm  -  50mm,  were  chosen  based  on 
experimental  values.  The  inlet  laminar  kinetic  energy  was  set  to  10~6 
m2/sec2  in  accordance  with  specifications  of  the  turbulence  model. 
No-slip  conditions  were  assigned  to  the  blade  surface  and  turbulence 
parameters  used  a  zero-flux  boundary  condition.  The  initial  static 
pressure  boundary  condition  at  the  outlet  was  estimated  using 
conservation  of  mass  of  the  axial  velocity  and  ideal  outlet  flow  angle 
and  the  assumption  that  no  total  pressure  loss  occurred  between  the 
inlet  and  outlet  planes  following  Eq.  (8)-(9). 
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This  calculation  of  the  outlet  static  pressure  provides  an  initial  guess 
for  the  pressure-based  solver  and  was  adjusted  during  the  calculation. 

FLOWFIELD  COMPARISONS  WITH  EXPERIMENTAL 
RESULTS 

The  CFD  predictions  of  the  LI  A  blade  airfoil  flowfield  with  and 
without  upstream  wake  generators  were  compared  to  the 
experimental  measurements  presented  in  this  current  study  and  in 
Marks  et  al.  [30].  All  frequency  and  time  quantities  were  normalized 
with  respect  to  the  wake  passing  frequency,  fwake  =  12.8Hz,  and 
period.  The  k-kL-co  and  k-co(SST)  model  simulations  of  LI  A  blade 
airfoil  with  wake  generators  was  run  for  3  and  10  wake  passing 
periods  for  averaging  of  mean-flow  quantities,  respectively.  The  LI  A 
blade  airfoil  baseline  predictions  used  a  tnorm  =  12.67  for  averaging  of 
mean-flow  quantities  using  at  the  Re  =  31,000  using  the  k-kL-co 
model.  The  flow  characteristics  of  the  wake  generator  were 
investigated  with  comparisons  to  single  point  hotwire  velocity 
measurements.  Also,  the  upstream  wake  effect  on  the  unsteady 
flowfield  was  studied  including  comparisons  of  the  mean  blade 
pressure  distribution.  Direct  comparisons  were  made  with  PIV 
measurements  of  the  velocity  flowfield  and  perturbation  vectors.  The 
difference  in  the  prediction  of  the  flowfield  is  discussed  for  each 
chosen  turbulence  model. 

Wake  Generator  Characteristics 

The  flowfield  of  the  upstream  wake  generator  was  investigated  in 
order  to  characterize  the  wake  produced  by  the  circular  cylinder  that 
impinged  upon  the  downstream  LI  A  blade  profile.  The  inlet 
Reynolds  number  based  on  the  cylinder  diameter  and  the  inlet 
relative  velocity  was  794.  The  separation  point  was  predicted  as 
103.5°  for  both  the  k-kL-co  and  k-co(SST)  model  results.  This  location 
corresponded  to  a  laminar  flow  separation  point  and  was  within  99% 
agreement  with  classical  theory  [34].  The  fully  turbulent  k-co(SST) 
model  predicted  the  same  separation  location  as  the  k-kL-a>  model  due 
to  the  low  Reynolds  number  correction  feature  that  dampened  the 
production  of  the  turbulent  viscosity  in  the  flowfield.  The  separated 
shear  layers  produced  a  vortex  shedding  pattern  known  as  the  von 
Karman  vortex  street  [34].  The  FFT  calculation  of  the  dynamic  drag 
coefficient  indicated  that  the  normalized  shedding  frequency,  fnorm  - 
23,  for  both  the  k-kL-co  and  k-co(SST )  model  predictions. 

Several  single  point  measurements  of  the  velocity  were  made 
downstream  of  the  wake  generator.  The  first  hotwire  velocity  probe 
(HW  #1)  was  located  at  mid- span  between  blades  3  and  4,  half  an 
axial  chord  length  downstream  of  the  wake  generator.  This  allowed 
for  the  measurement  of  the  velocity  deficit  produced  by  the  rod  just 
before  it  impinges  upon  the  cascade.  Data  was  recorded  at  10  kHz  for 
three  cycles  of  wake  passing.  Figure  5  shows  the  instantaneous  single 
point  velocity  probe  measurement  for  the  CFD  and  experimental 
results.  The  wake  was  quantified  using  the  peak  velocity  deficit,  up, 
calculated  using  Eq.  10 


u 


p 


U-u 

U 


(10) 


where  U  is  the  average  velocity  outside  the  wake  region  and  u0  is  the 
minimum  velocity  within  the  wake  region  as  given  in  Fig.  5.  The 
experimental  result  showed  multiple  fluctuations  of  the  velocity 
within  the  wake  region  which  could  be  attributed  to  vibrations  caused 
by  wake  generator  traversing  though  the  wind-tunnel.  The  k-kL-co  and 
k-oo(SST)  model  had  a  60%  and  38%  higher  peak  velocity  deficit  to 
the  experimental  results.  This  could  be  attributed  to  the  surface  of  the 
actual  wake  generator  not  being  perfectly  cylindrical  and  smooth. 
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Figure  5.  CFD  and  experimental  comparison  of  the 
unsteady  wake  generator  velocity  at  the  HW  location  #1 

The  boundary  layer  of  the  real  hardware  may  have  also  been  more 
turbulent,  and  thus  reduced  the  wake  peak  velocity  deficit  in  the 
experimental  results.  The  velocity  deficit  in  the  k-co(SST)  model 
results  had  more  velocity  variations  compared  to  the  k-kL-co  model 
result  due  to  the  behavior  of  the  vortices  as  they  dissipate  within  the 
wake  region.  The  vortices  in  the  k-co(SST)  model  remained  coherent 
further  downstream  compared  to  the  k-kL-co  model  due  to  the  lower 
dissipation  rate  in  the  calculated  in  the  k-co(SST)  model. 

Figure  6  shows  a  comparison  between  the  CFD  and  experimental 
results  for  HW  #2  placed  at  the  64.2%  Cx  position,  1.86cm  above  and 
normal  to  the  blade  surface  and  HW  #3  which  was  placed  at  the 
80.63%  Cx  position,  1.37cm  above  and  normal  to  the  blade  surface. 
The  locations  of  these  measurements  allowed  for  the  comparison  of 
the  wake  as  it  convected  through  the  blade  passage  becoming  strained 
and  elongated.  The  CFD  predictions  showed  a  higher  amplitude 
change  of  velocity  compared  to  the  experimental  results  for  both 
probe  locations  with  the  k-kL-co  model  having  the  largest  amplitude 
change.  This  was  due  to  a  higher  peak  velocity  deficit  produced  by 
the  upstream  wake  generator  in  the  k-kL-co  model  result.  The  periodic 
velocity  variation  of  the  wake  in  the  blade  passage  was  similar  to  the 
experimental  results  indicating  that  both  turbulence  models  provided 
adequate  prediction  of  wake  characteristics  produced  by  the  wake 
generator. 

Unsteady  Features  of  the  Flowfield 

The  unsteady  features  of  the  flowfield  were  investigated  to 
understand  the  behavior  of  the  upstream  wake  on  the  separation  and 
vortex  shedding.  The  upstream  wake  traversing  event  was  divided 
into  six  phases  with  the  first  phase  beginning  with  the  rod  positioned 
directly  in  front  of  the  blade  leading  edge  and  in  line  with  the  inlet 
flow  direction.  Instantaneous  contour  plots  of  z-vorticity  were  used  to 
visualize  the  features  of  the  flowfield  for  each  of  the  six  phases.  The 
z-vorticity  (T2Z)  was  calculated  using  Eq.  (11) 

Qz=(yxw)-k  (ii) 

where  k  is  the  unit  vector  in  the  z-direction  and  W  is  the  relative 
velocity  vector.  Figure  7  presents  a  magnified  view  of  the  vortices 
produced  by  suction  surface  separated  shear  layer  for  the  Re  = 
31,000,  Tu  -  0.5%  baseline  case  (Fig.  7(a)-(c))  compared  to  the  Re  = 
25,000,  Tu  =  0.5%  with  the  addition  of  wakes  (Fig.  7(d)-(i)).  The 
baseline  case  was  divided  into  six  phases  corresponding  to  the  same 
time  interval  as  the  Re  =  25,000  case  with  the  wakes.  Phase  #1  and 
#2  (Fig.  7(d)-(e))  shows  the  traversing  wake  affecting  the  boundary 


Figure  6.  CFD  and  experimental  comparison  of  the 
unsteady  wake  generator  velocity  (a)  HW  #2,  (b)  HW  #3 


layer  separation  of  the  pressure  side  of  the  blade.  The  vortex  created 
on  the  pressure  side  was  counterclockwise  in  direction  as  indicated 
by  positive  z-vorticity.  The  freestream  pressure  field  in  the  blade 
passage  caused  the  traversing  wake  to  form  into  the  V-shape  as 
shown  in  Fig.  7(f) -(h)  for  Phases  #3-#5.  The  vortices  shed  from  the 
separated  shear  layer  remained  relatively  small  for  these  phases  until 
the  wake  approached  separation  region  in  Phase  #6.  The  momentum 
from  the  upstream  wake  forced  the  separated  shear  layer  to  shed 
another  relatively  larger  vortex  as  seen  in  Phase  #6  and  #1. 

The  normalized  vortex  shedding  frequencies  were  calculated  using 
Eq.  (12). 

-C  _  f  shed  (12) 

'  norm  r 

J  wake 

The  coherent  vortices  were  significantly  smaller  in  extent  compared 
to  the  baseline  case  for  all  six  phases  (Phase  #1,  #3,  #5  only  shown  in 
Fig.  8).  The  traversing  wake  reduced  the  separation  region  compared 
to  the  baseline  case.  The  separated  shear  layers  produced  clockwise 
vortices  that  were  lifted  off  the  blade  surface  by  the  traversing  wake 
at  fnonn  =  5.9  which  as  shed  at  a  higher  frequency  compared  to  the 
baseline  case  at  fnorm  =  3.9.  The  separated  shear  layer  from  the  trailing 
edge  produced  a  similar  counter-clockwise  vortex  (fnorm  =  3.1)  as  in 
the  baseline  case  with  a  normalized  shedding  frequency  of  7.9. 

Figure  8  shows  z-vorticity  contours  of  the  LI  A  blade  airfoil  with 
upstream  wake  using  the  k-co(SST)  model  for  Phase  #1,  #3,  and  #5. 
The  behavior  of  the  wake  traversing  through  the  blade  passage  was 
similar  to  the  k-kL-co  model  prediction  including  the  shedding 
frequencies  of  the  main  vortices  produced  by  the  separated  shear 
layers.  The  main  difference  was  the  behavior  of  the  vortices  produced 
by  the  separated  shear  layer  on  the  blade  suction  surface.  In  Phase  #1, 
the  coherent  vortex  found  on  the  suction  surface  (Fig.  8(a))  quickly 
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Figure  7.  Comparisons  of  the  instantaneous  z-vorticity  contours  of  the  separation  region  at  ((a)-(c))  Phase  #1,  #3,  and  #6  for 
the  LI  A  blade  baseline  at  Re  =  31,000  and  the  addition  of  upstream  wakes  at  Re  =  25,000  using  the  k-kL-o)  model,  ((d)-(i))  for 

Phase  #1  -  #6  including  vortex  shedding  frequencies 


Figure  8.  The  instantaneous  z-vorticity  contours  of  the  separation  region  at  Phase  (a)  #1,  (b)  #3,  and  (c)  #5  for  the  LI  A 
blade  with  the  upstream  using  the  k-co(SST)  model  wakes  including  vortex  shedding  frequencies 


7 

76 

Approved  for  public  release;  distribution  unlimited. 


Copyright  ©  2010  by  ASME 


dissipated  by  Phase  #3  as  shown  in  Fig.  8(b)  whereas  the  suction 
surface  vortices  in  the  k-kL-(D  model  prediction  remained  coherent  as 
it  traversed  to  the  wake  region.  The  specific  dissipation  within  the 
flowfield  was  an  order  of  magnitude  higher  in  the  k-co(SST)  model 
compared  to  the  k-kL-co  model.  Investigations  of  the  turbulent  kinetic 
energy  (TKE)  on  the  blade  suction  surface  showed  very  little  growth 
in  TKE  when  the  wake  has  already  passed  (Phase  #3  &  #4)  indicating 
a  laminar  flow  boundary  layer  in  the  k-kL-co  model  prediction. 
Transition  to  a  turbulent  boundary  layer  occurred  when  the  wake 
passed  over  the  blade  surface  reducing  the  size  of  the  coherent 
vortices.  A  higher  amount  TKE  was  present  on  the  blade  suction 
surface  in  the  k-co(SST)  model  prediction  for  all  phases  and  this 
attributed  to  the  behavior  of  the  shedding  and  dissipation  of  the 
vortices. 

Velocity  Contours 

For  the  six  phases  of  wake  passing,  velocity  contours  are  plotted 
with  overlaid  streamlines  of  the  velocity  components.  All  velocity 
data  has  been  made  non-dimensional  with  respect  to  the  inlet 
velocity.  Presented  first  are  the  results  from  the  PIV  measurements 
which  are  shown  in  Fig.  9.  The  wake  passing  event  can  best  be 
described  by  beginning  with  Phase  #3.  In  this  phase  a  very  small 
separation  bubble  is  present,  indicated  by  the  dark  blue  color,  starting 
around  70%  Cx.  In  this  phase  the  wake  has  just  entered  the  blade 
passage  upstream,  and  is  outside  the  field  of  view.  Towards  the  tail 
end  of  the  view,  the  contour  levels  are  showing  increased  velocity 
indicating  a  closed  bubble  is  present.  This  is  verified  with  surface 
pressure  measurements  presented  in  the  next  section.  Progressing  to 
Phase  #4,  the  separation  bubble  has  grown  in  height  and  the 
streamlines  indicate  a  small  recirculation  region  or  vortex  has 
formed.  By  Phase  #5,  the  separation  bubble  has  grown  in  height  and 
length  covering  a  much  larger  region  of  the  suction  surface.  The 
center  of  the  recirculation  has  moved  further  downstream  but  the 
separation  location  has  moved  slightly  upstream  to  about  67%  Cx. 
Based  on  hotwire  data,  the  wake  is  located  roughly  between  60-65% 
Cx  in  Phase  #6.  In  this  phase  the  separation  bubble  has  grown  to  its 
full  height  and  length,  extending  further  down  the  suction  surface. 
The  center  of  the  circulation  region  has  moved  upstream  from  the 
previous  phase  and  the  separation  point  has  appeared  to  move 
downstream  to  70%  Cx.  A  change  of  events  occurs  in  Phase  #1  as  the 
separation  bubble  appears  to  have  shed  a  vortex  with  the  location  of 
the  wake  trailing  behind  it.  The  vortex  is  observed  to  roll  down  the 
blade  surface  in  Phase  #2  with  the  vortex  partially  out  of  the  field  of 
view  and  a  very  small  separation  bubble  remains  as  shown  in  Phase 
#3. 

A  CFD  comparison  of  the  velocity  contours  for  each  wake  phase 
was  compared  to  the  PIY  measurements  of  the  flowfield.  Figure  10 
shows  Phase  #1,  #3,  and  #6  for  the  Menter’s  [24]  k-co(SST)  model 
and  the  Walters  and  Leylek  [13]  k-kL-co  model.  Both  models  show 
good  agreement  for  Phase  #1  (Fig.  10(a)  &  10(d))  with  the  PIV 
results  where  a  coherent  vortex  formed  downstream  of  the  80%  Cx. 
Also,  the  presence  of  the  two  small  vortices  were  shown  at  the  90% 
Cx  in  the  k-kL-co  model  prediction  whereas,  the  k-co(SST)  model 
results  indicated  one  relatively  large  vortex  at  the  85%  Cx.  For  Phase 
#3,  the  separation  region  began  further  upstream  at  approximately  the 
65%  Cx  in  the  k-kL-o)  model  (Fig.  10(b)  prediction  due  to  the 
presence  of  a  laminar  flow  boundary  layer.  In  the  k-co(SST )  model 
prediction  as  shown  in  Fig.  10(e),  the  separation  region  began  near 
the  75%  Cx  and  a  delay  in  flow  separation  indicating  a  more  turbulent 
boundary  layer.  As  the  upstream  wake  reached  the  shear  layer  in 
Phase  #6  (Fig.  10(c)  &  10(e)),  a  relatively  larger  vortex  was  shed  and 
resulted  in  a  reduction  of  the  separation  region  compared  to  other 
phases.  The  affect  of  the  negative  jet  from  the  upstream  wake  caused 
the  vortex  observed  in  Phase  #6  to  accelerate  and  coalesce  with  the 
vortex  further  downstream  as  shown  in  Phase  #1  at  90%  Cx.  The 
wake  interaction  with  the  shed  vortices  was  consistent  with  what  was 
reported  by  Sarkar  [12].  The  coalescing  of  vortices  was  not  observed 


in  the  PIV  results  because  it  occurred  out  of  the  field  of  view.  The  k- 
co(SST)  model  predictions  showed  a  larger  vortex  present  at  the  95% 
Cx  compared  to  the  k-kL-co  model  prediction  with  no  apparent 
acceleration  of  the  vortices  due  the  dissipation  behavior  as  discussed 
previously. 

Surface  Static  Pressure  Coefficient 

The  CFD  prediction  of  the  static  pressure  coefficient  distribution 
was  compared  to  experimental  measurements  using  static  pressure 
taps  around  the  LI  A  blade  airfoil  surface  shown  in  Figure  11  and  13. 
Pressure  measurements  were  obtained  using  a  differential  pressure 
transducer  with  a  range  of  -50  to  200  Pa.  At  each  pressure  tap 
location,  60  seconds  of  data  was  acquired  for  the  average  pressure 
coefficient  measurement.  The  static  pressure  coefficient  is  calculated 
using  Eq.  (13) 


?i 


where  PQ  .  was  the  average  inlet  total  pressure,  was  the  average 
inlet  dynamic  pressure,  and  Ps  was  the  static  pressure  on  the  surface 
of  the  blade.  The  unsteady  vortex  shedding  observed  in  the  CFD 
predictions  had  a  significant  effect  on  the  pressure  coefficient. 
Because  of  this,  the  unsteady  envelope  of  the  minimum  and 
maximum  pressure  coefficient  was  included  with  the  mean  pressure 
coefficient  distribution  and  the  experimental  results.  For  the  LI  A 
baseline  case  shown  in  Fig  11(a),  the  k-kL-co  model  result  at  Re  = 
31,000  over-predicted  the  mean  peak  pressure  coefficient  compared 
to  the  experimental  results  taken  at  Re  =  15,000  and  40,000  by  Marks 
et  al.  [30].  Downstream  of  the  peak  static  pressure  location,  the  CFD 
result  predicted  that  the  flow  would  separate  at  62.8%  Cx.  This  was  in 
excellent  agreement  with  the  experimental  results  of  approximately 
62%  Cx.  The  unsteady  envelope  showed  a  12%  variation  in  the  peak 
pressure  coefficient  and  an  even  greater  variation  starting  at  80%  Cx 
which  was  due  to  the  motion  of  the  vortices  as  they  lifted  off  the 
blade  surface  and  traveled  downstream  to  the  wake  region.  This 
unsteady  variation  caused  a  local  pressure  peak  at  82%  Cx  in  mean 
pressure  distribution.  The  experimental  results  showed  separated  flow 
to  the  trailing  edge.  Yet,  there  was  no  evidence  of  the  local  pressure 
peaks  within  the  separated  flow  region.  This  could  be  due  to 
frequency  response  limitations  and  the  time- averaging  of  the  pressure 
transducers  used  in  the  experimental  measurements.  On  the  pressure 
surface  of  the  blade,  the  unsteady  variation  due  to  the  separated  flow 
region  near  the  blade  leading  and  the  trailing  vortex  identified  in  Fig. 
7(b). 

In  Fig.  1 1(b),  the  addition  of  the  upstream  wakes  on  the  LI  A  blade 
caused  an  increase  in  the  mean  peak  pressure  value  compared  to  the 
baseline  case,  which  resulted  in  a  higher  blade  loading  for  both  the 
CFD  and  experimental  results.  The  CFD  over-predicted  the  mean 
peak  pressure  coefficient  by  14%  compared  to  the  experimental 
results,  which  was  similar  to  the  baseline  case.  The  separation  point 
was  located  further  downstream  at  69.9%  Cx  with  the  addition  of  the 
upstream  wakes,  compared  to  the  baseline  separation  point  at  62.8% 
Cx  for  the  CFD  predictions.  This  is  consistent  with  the  experimental 
results  which  show  separation  occurring  approximately  at  67%-68% 
Cx.  Both  the  CFD  predictions  and  experimental  measurements  show  a 
similar  trend  downstream  of  the  peak  pressure  location.  First,  the 
region  of  constant  pressure  due  to  the  separation  region  was  smaller 
with  the  upstream  wakes  compared  to  the  baseline  case,  which 
indicates  a  reduction  in  losses.  Secondly,  in  both  of  the  experimental 
and  CFD  results,  the  pressure  coefficient  at  78%  Cx  slightly  increased 
due  to  the  motion  of  the  vortices  as  they  lifted  off  the  blade  surface. 
A  similar  trend  was  seen  in  Stieger  et  al.  [35]  using  fast  response 
Kulite  transducers.  This  spike  was  smaller  and  located  more  upstream 
compared  to  the  baseline  CFD  case.  This  was  due  to  the  reduction  in 
size  of  the  vortices  created  by  the  separated  shear  with  the  addition  of 
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Figure  9.  PIV  contours  of  non-dimensional  average  velocity  for  six  phases  of  the  wake  passing 


Figure  10.  CFD  comparison  of  the  velocity  magnitude  with  superimposed  streamlines  for  the  (a)-(c)  k-kL-oo  model 
and  (d)-(f)  k-oo  (SST)  model  predictions.  View  of  the  flowfield  oriented  similar  to  PIV  measurements 
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Figure  11.  Comparison  of  the  predicted  surface  static 
pressure  coefficient  with  experiments  for  the  LI  A  blade  (a) 
baseline  at  31,000  and  (b)  the  addition  of  upstream  wakes 
at  Re  =  25,000  using  the  k-kL-co  model  including  unsteady 
Cp  envelope 


the  upstream  wakes.  The  unsteady  envelope  showed  a  variation  of 
6%  in  the  peak  pressure  coefficient  with  experimental  peak  pressure 
value  contained  within  the  unsteady  envelope  range.  The  increased 
momentum  from  the  upstream  wakes  caused  significantly  higher 
local  peaks  of  the  maximum  pressure  compared  to  the  LI  A  baseline 
case  starting  downstream  of  70%  Cx.  Similar  trends  in  the  LI  A 
baseline  case  for  the  unsteady  pressure  envelop  were  observed  where, 
unsteady  variation  originated  from  the  separation  region  and  trailing 
edge  vortex.  Investigations  of  the  freestream  turbulence,  shown  in 
Fig.  12,  reveal  the  upstream  wake  produced  an  elevated  freestream 
turbulence  intensity  greater  than  10%  (Fig.  12(b)).  This  turbulence 
intensity  was  significantly  higher  compared  to  the  baseline  case  and 
convected  through  the  blade  passage  to  the  separation  region.  This  re¬ 
energized  the  boundary  layer  and  caused  a  decrease  in  the  separated 
flow  present  on  the  blade  suction  surface. 

The  k-co(SST)  model  prediction  of  the  mean  static  pressure 
distribution  indicated  the  peak  pressure  distribution  was  over¬ 
predicted  by  16%  compared  to  the  experimental  result  as  shown  in 
Fig.  13.  Yet,  the  experimental  pressure  distribution  remained  within 
the  unsteady  envelop  as  the  k-kL-co  model  predictions.  Downstream  of 
the  peak  pressure  coefficient,  k-co(SST )  model  prediction  did  not 
show  an  indication  of  a  closed  separation  bubble  on  the  blade  suction 
surface  unlike  the  k-kL-co  model  result.  The  unsteady  envelope 
showed  a  peak  at  78%  axial  chord  location  due  to  the  vortical 
structures  from  the  separated  shear  layer.  As  Figure  9  indicated,  those 
vortical  structures  did  not  remain  coherent  and  quickly  dissipated  on 
the  blade  surface.  Figure  12(c)  shows  the  k-co(SST)  model  predicted 
the  highest  level  of  freestream  turbulence  in  the  blade  passage  due  to 
the  passing  wake.  The  flow  directly  below  the  quickly  dissipating 
vortex  was  relatively  well  attached  to  the  blade  surface  as  a  result  the 
mean  pressure  distribution  showed  no  indication  of  a  flow  separation. 
This  higher  level  of  turbulence  contributed  to  the  vortices  quickly 
dissipating  on  blade  suction  surface.  The  Walters  and  Leylek  [13]  k- 
kL-co  model  provided  the  most  effective  prediction  of  the  upstream 
wake  generator  effect  on  the  LI  A  blade  airfoil  pressure  loading 
compared  to  the  Menter’s  [24]  k-co(SST)  model. 

Phase-Averaged  Behavior 

Certain  flow  features  of  the  velocity  field  can  be  made  apparent 
through  the  use  of  perturbation  velocity.  The  perturbation  velocity  is 
defined  as  the  difference  between  the  ensemble  averaged  and  time- 
averaged  velocity  fields  [36-39].  Figure  14  shows  the  PIV  and  CFD 
comparison  of  the  perturbation  velocity  and  streamlines  for  Phases  #1 
and  #6.  In  this  figure,  the  location  of  the  wake  was  apparent  and 
emerged  as  a  negative  jet  described  by  Meyer  [40]  and  confirmed 
using  the  same  perturbation  velocity  technique  by  Stieger  and 
Hodson  [36].  For  Phase  #6,  both  the  PIV  and  CFD  results  showed 


Figure  12.  Comparison  of  the  freestream  turbulence  intensity  for  the  (a)  LI  A  blade  baseline  case  at  Re  =  31,000  and  the 
addition  of  upstream  wakes  at  Re  =  25,000  using  (b)  the  k-kL-co  model  and  (c)  the  k-co(SST)  model 
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Figure  13.  Comparison  of  the  predicted  surface  static 
pressure  coefficient  with  experiments  for  the  LI  A  blade 
with  upstream  wakes  using  the  k-co(SST)  model  including 
unsteady  Cp  envelope 

similar  behavior.  The  wake  was  strained  through  the  blade  passage 
and  impinged  upon  the  blade  surface,  just  upstream  of  the  separation 
bubble.  The  dashed  line  in  Fig.  14(a)  indicated  where  the  negative  jet 
gets  split  into  two  streams;  one  pointing  downstream  accelerating  the 
flow  and  the  other  point  upstream  retarding  the  flow.  This  behavior 
was  mentioned  in  several  studies  [12,36-39].  In  Phase  #1  (Fig.  14(c)- 
(d)),  both  the  CFD  and  PIV  results  showed  good  agreement  of  the 
perturbation  vector  field  characteristics.  As  the  wake  progressed 
downstream  it  convected  overtop  the  separation  region,  and  lead  to  a 
reduction  in  the  size  of  the  separation  region  in  shown  Fig.  9  and  Fig. 
10(a). 


CONCLUSIONS 

The  flow  field  of  the  LI  A  blade  airfoil  subjected  to  traversing 
upstream  wakes  was  experimentally  and  computationally  investigated 
at  an  inlet  Reynolds  number  of  25,000.  The  L1A  blade  profile 
represented  a  high-lift  aft-loaded  low  pressure  turbine  blade  design 
that  was  prone  to  flow  separation  at  Reynolds  numbers  below  40,000 
and  ideal  for  use  in  flow  separation  control  studies.  This  study  used 
upstream  wakes  that  were  generated  by  a  circular  cylinder  traversing 
in  the  pitchwise  direction.  In  this  study,  upstream  traversing  wakes 
was  used  to  simulate  the  periodic  flow  field  associated  with 
rotor/vane  flow  interactions  encountered  in  a  multistage  LP  turbine 
geometry,  where  wakes  shed  from  an  upstream  vane  propagate  and 
impinge  on  a  downstream  rotor.  It  is  important  that  the  upstream 
wake  effect  be  used  for  the  development  of  highly  loaded  LP  turbine 
blade  airfoil  with  improved  low  Reynolds  performance.  Velocity 
field  measurements  using  two-dimensional  planer  Particle  Image 
Velocimetry  and  CFD  simulations  were  used  to  investigate  the  LI  A 
blade  flow  field  behavior  in  periodic  unsteady  conditions.  The  CFD 
using  the  Walters  and  Leylek  [13]  k-kjj-  co  transitional  flow  model  and 
Menter’s  [24]  k-co(SST)  model  predictions  were  compared  to 
experimental  cascade  results  to  determine  which  RANS  CFD  model 
could  predict  the  unsteady  LI  A  blade  flow  field  at  low  inlet  Reynolds 
number. 

Investigations  of  the  wake  generator  characteristics  were  completed 
to  characterize  the  wake  that  impinged  on  the  LI  A  blade  airfoil.  Both 
the  k-kL-co  and  k-co(SST)  models  predicted  the  flow  to  be  laminar  with 
a  separation  location  in  agreement  with  classical  theory  that  produced 
a  discrete  vortex  shedding  pattern.  The  CFD  predictions  of  the  wake 
showed  a  larger  peak  velocity  deficit  than  the  experimental  hotwire 
measurements  which  could  be  attributed  to  imperfections  in  the  wake 
generator  shape  and  the  rod  vibrations  while  traversing  through  the 
wind  tunnel  resulting  in  more  turbulent  wake  in  the  experimental 
setup.  Comparisons  with  hotwire  measurements  in  the  blade  passage 
showed  both  turbulence  models  predicted  the  velocity  variation  of  the 
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Figure  14.  Comparisons  of  the  perturbation  velocity  magnitude  contours  with  superimposed  streamlines  for  the  (a)-(c)  CFD 
prediction  using  k-kL-co  model  and  (b)-(d)  PIV  measurements  for  Phase  #1  &  #6 
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wake  similar  to  experimental  results  and  provided  adequate 
prediction  of  wake  generator  flow  characteristics. 

The  traversing  wakes  had  a  significant  effect  on  the  flow 
separation  and  the  vortex  shedding.  The  suction  surface  shear  layer 
produced  unsteady  vortices  that  were  significantly  smaller  than  the 
L1A  blade  without  upstream  wakes  and  caused  the  separation  region 
to  reduce.  Differences  were  found  in  the  behavior  of  the  vortices 
produced  with  the  k-co(SST)  model  prediction  producing  larger 
vortices  that  dissipated  across  the  aft-portion  of  the  blade  whereas  the 
k-kL-o)  model  the  vortices  remained  relatively  small  and  coherent  as  it 
traversed  into  the  wake  region.  A  similar  flow  structure  was  reported 
by  Sarkar  [12]  using  the  higher  fidelity  LES  CFD  method.  This  was 
attributed  to  boundary  layer  being  mostly  laminar  in  the  k-kL-co  model 
predictions  whereas  the  k-co(SST)  model  the  boundary  layer  was 
found  to  be  more  turbulent  and  with  a  higher  amount  of  dissipation. 

The  best  agreement  with  the  PIV  measurements  was  achieved 
using  the  k-kL-co  model.  The  behavior  of  the  velocity  flow  field  due  to 
the  separation  region  and  the  vortex  formation  was  adequately 
predicted  for  each  wake  phasing  event  when  compared  with  the  PIV 
measurements.  Investigations  in  the  perturbation  velocity  field  found 
the  same  behavior  mentioned  in  several  other  studies  [12,36-39] 
where  the  wake  acted  as  a  negative  jet.  This  negative  jet  causes  the 
fluid  in  an  individual  wake  segments  to  convect  toward,  and  impinge 
on  the  suction  surface.  Thus,  downstream  of  wake  center  the  negative 
jet  accelerated  the  flow,  while  upstream  of  the  wake  center,  the 
negative  jet  decelerated  the  flow  [39].  The  Walters  and  Leylek  [13]  k- 
kL-co  model  provided  the  most  effective  prediction  of  the  upstream 
wake  generator  effect  on  the  LI  A  blade  airfoil  pressure  loading 
where  the  addition  of  upstream  wake  caused  an  increase  the  blade 
loading  and  caused  the  separation  location  to  move  further 
downstream. 

This  study  has  contributed  a  successful  application  PIV 
measurements  and  CFD  using  the  Walters  and  Leylek  [13]  k-kL-co 
transitional  flow  model  to  investigate  low  Reynolds  number 
aerodynamic  flow  effects  in  recently  developed  highly  loaded  LP 
turbine  blade  airfoil  geometry.  The  k-kL-co  model  was  characterized 
and  an  effective  model  for  improved  prediction  of  unsteady  wake 
effects  associated  with  LP  turbine  flows.  Also,  CFD  methods  using 
RANS  models  such  as  Walters  and  Leylek  [13]  model  and  the  more 
advanced  Menter’s  [15]  correlation-based  transition  model  could 
provide  the  same  improve  prediction  of  the  separation  and 
transitional  flow  characteristics  at  a  reduced  computational  cost  than 
the  higher  fidelity  LES  and  DNS  methods.  This  supports  that  the  k- 
kL-co  flow  model  can  provide  the  same  prediction  capability  for  the 
more  complicated  unsteady  flow  fields  encountered  in  a  multistage 
LP  turbine  blade  geometry. 
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Subscripts 

0 

in  = 

int  - 

L 

out  - 


kinetic  energy 

unit  vector  in  the  z-direction 
average  turbulent  length  scale 
pressure;  production  term 
dynamic  pressure 

Reynolds  number  based  on  inlet  velocity  and 

blade  pitch 
time 

low  pressure 
low  speed  wind  tunnel 
freestream  turbulence  intensity 
velocity  magnitude 

relative  velocity  vector 
nondimensional  wall  distance 
Zweifel  blade  force  coefficient 
flow  angle 
molecular  viscosity 
kinematic  viscosity 
density 
z-vorticity 

specific  dissipation  rate 


total 

inlet 

integrated 

laminar 

outlet 
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Abstract  Three-dimensional  surface  illumination  using 
curved  laser- sheet  techniques  is  introduced  for  optical  flow 
measurements  in  conformal  curved  surfaces.  The  illumi¬ 
nation  method  is  applicable  to  many  different  optical-based 
flow  measurement  techniques,  with  this  paper  focusing 
on  application  to  flow  visualization  and  particle  image 
velocimetry.  A  brief  discussion  and  example  of  curved 
laser- sheet  generation  is  given  followed  by  an  example  of 
the  technique  applied  to  PIV  of  low  Reynolds  number 
transitional  flow  around  a  low-pressure  turbine  blade. 

1  Introduction 

A  technique  has  been  developed  to  obtain  illumination  in 
planes  that  are  conformable  to  curved  surfaces  in  three- 
dimensional  (3D)  spaces.  The  method  can  be  applied  to 
optical  flow  measurement  techniques  such  as  particle 
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image  velocimetry  (PIV).  Its  potential  is,  however,  for 
applications  to  other  flow  or  combustion  diagnostics  cur¬ 
rently  using  planar-sheet  illumination  such  as  planar  laser- 
induced  fluorescence  (PLIF),  which  could  benefit  from 
curved  surfaces  measurements.  This  investigation  focuses 
on  a  demonstration  for  PIV,  which  is  currently  one  of  the 
strongest  diagnostic  tools  for  testing  complex  flow  fields 
due  to  its  capabilities  of  providing  instantaneous  flow-field 
data  in  two-dimensional  (2D)  planes  (Raffel  et  al.  2007). 
Experimentally  obtained  2D  velocity  flow  fields  are  useful 
for  both  qualitative  and  quantitative  understanding  of 
complex  flows.  Data  can  be  obtained  quickly  and  in  a  large 
spatial  area  providing  experimental  data  that  can  be 
directly  compared  to  CFD  results  (Estevadeordal  et  al. 
2008;  Reynolds  et  al.  2010).  Two-dimensional  PIV  is  most 
common  and  the  simplest  to  setup,  but  it  provides  velocity 
components  in  only  two  directions.  In  an  attempt  to  better 
understand  the  three-dimensional  (3D)  nature  of  complex 
flows  and  obtain  the  third  velocity  component,  a  variety  of 
techniques  have  been  devised  (Raffel  et  al.  2007).  Exam¬ 
ples  include  stereoscopic  PIV,  volumetric  PIV,  holographic 
PIV,  and  dual-plane  PIV.  Most  of  the  above-mentioned 
techniques  require  specialized  calibration  or  image  corre¬ 
lation  methods  beyond  those  typically  used  for  2D  single¬ 
plane  PIV. 

The  present  conformal  surface  technique  is  applicable  to 
3D  surfaces.  The  general  technique  (Estevadeordal  et  al. 
2008)  was  introduced  for  studying  internal  aerodynamics 
flows  where  axisymmetric  or  circumferential  plane  diag¬ 
nostics  would  benefit  from  the  conformal  surface  tech¬ 
nique.  However,  since  3D  spatial  laser  shapes  could  be 
readily  visualized  seeding  flows  with  particles,  the  tech¬ 
nique  was  not  limited  to  simple  surfaces  and  it  was  fore¬ 
seen  that  it  could  be  capable  of  tracking  complex  3D 
surfaces  such  as  complex  blade  and  wing  shapes;  it  was 
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also  suggested  that  moving  3D  surfaces  such  as  those  of 
unmanned  air  vehicles  (UAV)  wings  could  be  tracked  in 
time.  Motion  of  the  optical  components  that  form  the 
curved  laser-sheet  produces  changes  in  the  curvature  shape 
and  can  change  the  illuminated  3D  space  and  also  change  it 
in  time.  A  more  complex  camera  system  including  cus¬ 
tomized  optics,  several  views,  and  optional  high-speed 
capabilities  would  be  needed  for  imaging. 

In  this  investigation,  a  simple  demonstration  example 
of  the  use  of  a  curved  laser-sheet  for  flow  diagnostics 
around  a  curved  wall  is  presented.  The  principle  is 
demonstrated  by  flow  visualization  and  PIV  around  an 
airfoil  to  capture  flow  details  around  and  near  the  curved 
wall  and  curved  flow  streamsurfaces.  The  demonstration 
of  the  technique  is  applied  to  a  2D  airfoil  having  cur¬ 
vature  in  only  one  dimension,  and  the  experimental  setup 
and  post  processing  are  comparable  to  that  of  2D  PIV. 
The  curved  laser- sheets  allow  high  fidelity  measurement 
of  flow  velocity  in  areas  and  viewing  planes  that  had 
previously  been  difficult.  The  present  demonstration  of 
the  technique  employs  standard  optical  components  such 
as  a  combination  of  cylindrical  lenses  or  curved  mirrors. 
Customized  optics  designs  would  allow  using  less  optical 
elements  and  could  deliver  more  complex  curved  laser 
shapes. 

2  Curved  laser-sheet  generation 

Setup  of  the  illumination  system  differs  from  traditional 
PIV  in  that  it  requires  generation  of  a  laser-sheet  that  is 
curved  to  follow  or  conform  to  the  wall  curvature  or  flow 
streamlines  along  a  curved  surface.  This  can  be  accom¬ 
plished  by  using  a  modified  laser- sheet- forming  lens  sys¬ 
tem  (the  current  approach)  or  by  designing  an  optical  lens 
or  mirror  system  to  form  a  given  shape.  The  laser-sheet 
curvature  effect  is  similar  to  that  of  a  flat  laser- sheet 


intersecting  not  normally  onto  optical  windows  with  cur¬ 
vature.  If  an  application  requires  a  simple  conical- shaped 
laser-sheet,  a  series  of  sheet-forming  lenses  typical  of  those 
used  to  generate  a  flat  laser- sheet  can  be  used  with  the 
addition  of  a  cylindrical  lens  (lens  D  in  Fig.  1)  rotated  at 
various  angles  in  the  optical  path.  The  cylindrical  lens 
inclinations,  distances,  and  physical  properties  (such  as 
thickness  and  focal  length)  determine  the  shape  and 
thickness  of  the  curved  sheet.  Tilting  the  lens  by  an  angle  /? 
in  the  x-axis  will  generate  a  curve  in  the  sheet  related  to  the 
geometry  of  the  cylindrical  lens. 

Figure  2  shows  a  curved  laser- sheet  generated  in  this 
manner  with  a  red  diode  laser  for  alignment  purposes.  It  is 
also  shown  by  ray-tracing  modeling  (Fig.  2a,  c)  and 
demonstrated  with  a  two  cylindrical  lens  setup  (one 
rotated).  Figure  2a,  b  show  a  curved  sheet  created  by 
tilting  the  last  cylindrical  lens  by  45  degrees  in  the 
x-direction.  Notice  that  curve  in  Fig.  2a  is  parabolic  so 
that  the  rate  of  curvature  is  not  constant  along  the  entire 
curve.  By  rotating  the  lens  in  the  z-axis  as  shown  in 
Fig.  2c,  d,  the  area  illuminated  is  shifted  to  the  right  to  an 
area  with  high  curvature  at  the  left  portion  of  the  sheet  and 
less  curvature  on  the  right.  These  images,  if  flipped  and 
copied  vertically,  can  generate  a  closer  shape  all  around  an 
airfoil,  around  a  cylinder,  and  other  surface  shapes  often 
encountered  in  fluid  dynamics.  A  single  customized  optical 
element  could  also  be  designed  to  deliver  curved- sheet 
shapes  of  constant  or  variable  thickness.  Since  these 
curved  laser- sheets  allow  tracking  of  curved  shapes  in 
space,  it  is  plausible  that  they  can  be  used  for  illumination 
of  flow  regions  such  as  boundary  layer  or  wall  flows  in 
conformal  surfaces  of  airfoils,  blades,  and  circumferential 
planes  in  turbomachinery  (Estevadeordal  et  al.  2008).  In 
addition,  since  moving  the  optical  elements  can  produce 
changes  in  the  laser  curvature,  the  motion  of  surfaces  (e.g., 
wing  motions  in  flying  insects  or  UAV)  could  also  be 
tracked  in  time. 


Fig.  1  An  example  of  curved 
laser- sheet  generation  by  adding 
a  rotated,  off-the-shelf  convex 
cylindrical  lens  (lens  D)  to 
standard  sheet-forming  optical 
system 
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In  this  introductory  application  example,  the  curvature 
of  the  3D  surface  is  only  in  one  dimension  and  not  very 
severe,  and  the  object  plane  can  be  readily  projected  into 
the  image  plane  and  the  magnification  variations  readily 
established  (Fig.  3).  An  example  of  2D  axisymmetric 
unwrapping  transformation  can  be  found  in  Estevadeordal 


and  Kleis  (1995).  The  optical  setup  was  also  designed  so 
that  working  distance  (WD),  field-of-view  (FOV),  and 
depth-of-field  (DOF)  yielded  the  object  plane  in  focus. 
Stereo-PIV-like  techniques  can  be  used  to  bring  the  plane 
in  focus  if  necessary  (Fig.  4a).  Complex  3D  shapes  would 
require  more  complex  unwrapping  image  registration 


Fig.  2  Example  of  a  two  lens 
curved  laser-sheet  modeled  in  a 
ray-tracing  program 
(a  and  c)  and  demonstrated  with 
a  red  diode  laser  (b  and  d).  The 
second  lens  has  orientation: 
a  and  b  (p  =  0°,  /?  =  45°; 
c  and  d  q>  =  45°  P  =  45° 


(a) 


(b) 


(c) 


(d> 


Fig.  3  Examples  of 
magnification  projection  of  a 
streamwise  curved  surface 
(a)  and  spanwise  grid  image 
variation  of  the  2D  curve  (b) 


Fig.  4  Schematic  of  planar 
stereoscopic  unwrapping  (Raffel 
et  al.  2007)  (a)  and  conformal 
mapping  of  a  3D  curved 
surface  (b) 
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techniques  (Fig.  4b)  such  as  the  photogrammetric  approa¬ 
ches  used  in  applications  of  pressure-  and  temperature- 
sensitive  paint  diagnostics  on  3D  surfaces  (Liu  and  Sullivan 
2004).  In  the  current  experiment,  a  grid  pasted  on  the  airfoil 
such  as  that  shown  in  Fig.  3b  sufficed  to  calculate  the 
magnification  on  the  FOV. 

Although  the  benefits  of  the  technique  can  be  readily 
appreciated  in  the  qualitative  flow  visualization  form,  the 
real  usefulness  resides  in  its  potential  for  quantitative 
measurements,  such  as  velocimetry.  In  the  present  exam¬ 
ple,  velocimetry  is  based  on  using  PIV,  and  the  technique 
accuracy  can  be  approached  in  an  equivalent  manner  to 
PIV  techniques  that  use  a  flat  planar  sheet  with  the 
exception  of  additional  uncertainty  due  to  magnification 
factor  variation  in  the  FOV,  a  typical  situation  encountered 
in  stereo-PIV  and  off-axis  PIV.  Magnification  factor  then 
relates  particle  displacement  in  the  image  plane  to  dis¬ 
placement  in  the  curved  plane  and  must  be  accurately 
accounted  for  when  calculating  velocity  from  the  corre¬ 
lated  displacement  field.  In  general,  a  conformal  mapping 
(Fig.  4b)  would  be  needed.  In  this  investigation,  the  cur¬ 
vature  is  only  in  one  dimension,  and  magnification  cor¬ 
rection  can  be  related  more  straightforward.  When  needed, 
advanced  3D  image  registration  algorithms  and  accuracy 
studies  should  be  performed;  many  of  these  algorithms  can 
be  found,  for  example,  in  3D  surface  diagnostic  studies  and 
applications  such  as  pressure  sensitive  paints  (Liu  and 
Sullivan  2004).  Many  of  the  algorithms  used  in  these 
techniques  include  very  accurate  and  robust  correlation- 
based  techniques.  Correlation  techniques  are  also  the  main 
calculation  tool  in  PIV,  making  the  data  very  accurate. 
Examples  of  this  robustness  applied  to  out-of-focus,  off- 
axis  PIV,  and  streaky  transonic  particle  shadow 


velocimetry  (PSV)  can  be  found  in  the  literature  (Langford 
et  al.  2005;  Estevadeordal  and  Goss  2005). 

A  schematic  of  the  optical  arrangement  in  the  current 
application  example  is  shown  in  Fig.  5.  In  the  setup  shown 
Ax  is  the  corresponding  displacement  in  pixels  in  the  image 
plane  and  As  is  the  displacement  in  the  curved  plane  illu¬ 
minated  by  the  laser.  Velocity  S  in  the  curved  plane  is 
calculated  by: 


S  = 


Ax 

At -M 


where  Ax  is  the  displacement  in  the  image  plane,  and  At  is 
the  time  between  the  two  images  (cross  correlation  PIV  is 
implied).  M  is  the  magnification  factor  which  is  a  function 
of  x  and  given  by: 


Af(x) 


Ax 

As 


where  As  is  incremental  movement  in  the  laser-sheet  plane. 
The  units  of  M  are  chosen  to  relate  pixel  units  to  physical 
units  (e.g.,  mm). 

The  relationship  between  S  and  velocity  u  and  v  (standard 
coordinates  in  object  normal  direction)  is: 

\V\  =  vV  +  v2  =  S 


assuming  two  dimensional  flow. 

For  a  general  distorted  3D  shape,  the  camera  optics  path 
could  include  optical  elements  that  compensate  for  the 
otherwise  out-of-focus  image  plane  at  the  expense  of  mag¬ 
nification  distortions;  this  is  similar  to  an  extension  of  the 
Scheimpflug  arrangement  used  in  stereo  PIV  or  when 
viewing  object  planes  at  an  angle  (Raffel  et  al.  2007).  The 
introductory  example  presented  here  does  not  use  arrange¬ 
ments  such  as  the  Scheimpflug  arrangement  of  stereo  or  off- 
angle  views  mostly  because  the  plane  curvature  is  not  large 
and  it  is  in  focus  (large  enough  depth  of  field). 

Another  concern  of  the  technique  is  related  to  the  effect 
of  out-of-plane  motion  and  its  off-normal  view.  In  one 
aspect,  the  curved  laser-sheet  minimizes  the  out-of-plane 
motion  precisely  because  it  is  designed  to  follow  the 
streamsurfaces  of  the  flow.  This  is  advantageous  scenario, 
especially  when  compared  to  laser- sheet  arrangements  that 
have  laser-sheet  normal  to  the  main  flow,  as  some  stereo- 
PIV  use.  Nonetheless,  turbulence,  for  example,  generates 
3D  motions  and  out-of-plain  motion  happens.  As  with  PIV 
designs,  the  combination  of  laser-sheet  thickness  and  the 
time  between  the  two  frames  should  be  such  that  particles 
do  not  move  out  of  the  laser-sheet.  Still,  extreme  scenarios 
like  that  depicted  in  the  laser-sheet  of  Fig.  6  can  occur 
where  the  off-normal  view  can  severely  distort  the  image 
particle  positions.  Examples  of  possible  arrangements 
allowing  correction  of  the  curvature  are  suggested  in  the 
schematics  of  Fig.  6.  Indeed,  it  can  be  shown  that  hidden 
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Fig.  6  Some  optical  correction 
schemes  for  extreme  views: 
multi-camera  allows  capture 
various  views  (a),  Scheimpflug 
arrangement  corrects  distortion 
(b),  mirror  arrangement  allows 
off-angle  views  (c),  and 
customized  optical  element  can 
correct  the  distorted  view  (d) 


Fig.  7  Optical  unwrapping  of 
images  from  off-angle  targets 
using  simple  optic  elements 
0 cylindrical  and  wedge  lenses ); 
a  customized  optical  element 
could  bring  highly  off-axis 
object  planes  to  focused  image 
planes 


90  deq  90  deg  CYL  onfront  90  deg  CYL  and  WEDGE  on  fro 

[OPTICAL  Target  Rotation)  (OPTICAL  Target  Rotation) 


Ruler 

(out  of  view 
at  90  degreed 


Camera 


87 

Approved  for  public  release;  distribution  unlimited. 


4^  Springer 


766 


Exp  Fluids  (2011)  50:761-768 


views  due  to  severe  off-normal  angles  can  be  readily  cor¬ 
rected  as  shown  with  simple  optics  in  Fig.  7,  where  a  target 
ruler  at  90°  can  be  imaged  by  combination  of  cylindrical 
and  wedge  lenses;  this  suggests  that  complex  customized 
lenses  can  do  the  photogrammetric  correction  avoiding  or 
minimizing  software  corrections. 

The  technique  as  described  above  and  demonstrated  in 
the  next  section  can  be  used  for  measurements  in  curved 
planes  aligned  with  conical  surfaces  or  streamsurfaces. 
Commercial  optical  programs  can  be  used  to  aid  in  the 
inverse  design  of  the  sheet-forming  system  and  will  cer¬ 
tainly  make  the  experimental  setup  easier  in  practice.  A  ray 
trace-based  code  to  design  optical  elements  that  will 
accurately  match  a  given  curved  shape  is  currently  being 
developed  by  the  authors  for  use  in  their  experiments. 

3  Application  of  curved-laser  technique  to  2D  PIV 

of  low-pressure  turbine  blade  flows 

Often  the  focus  of  studies  on  transitional  flow  around  low- 
pressure  turbine  (LPT)  blades  is  on  the  flow  behavior  in  the 
viscous  region  near  the  wall.  The  walls  are  curved  in  shape 
and  attached  laminar,  transitional,  and  turbulent  boundary 
layer  streamlines  primarily  follow  the  shape  of  the  curved 
wall.  Curved  walls  make  it  difficult  to  use  traditional  PIV 
in  the  span  wise  viewing  direction  near  the  wall.  Several 
researchers  (Burgmann  et  al.  2006;  Zhang  et  al.  2008)  have 
successfully  applied  2D  planar  PIV  in  the  spanwise 
direction  plane  parallel  to  the  suction  side  of  an  airfoil  or 
flat  plate  with  adverse  pressure  gradient  (Lang  et  al.  2004), 
by  taking  advantage  of  the  low  curvature  of  the  blade  in  the 
region  of  interest.  Burgmann  et  al.  2006  obtained  spanwise 
scanning  PIV  near  the  wall  and  through  a  separation  bubble 
on  the  suction  side  of  a  SD7003  airfoil  at  Reynolds  num¬ 
bers  of  2.0  x  104-6.0  x  104.  The  area  of  interest  on  the 
suction  side  of  LPT  blades,  which  have  large  turning 
angles,  is  often  near  the  point  of  highest  curvature  that 
makes  imaging  in  the  spanwise  direction  using  a  planar 
sheet  difficult.  The  conformal  surface  PIV  technique  using 
a  curved  laser-sheet  allows  spanwise  imaging  very  near  the 
surface  of  a  highly  loaded  LPT  blade. 

As  an  example  of  the  application  of  this  technique,  a  laser- 
sheet  was  curved  parallel  to  the  wall  profile  at  the  aft  end  of 
the  suction  side  of  a  LPT  blade  in  a  2D  linear  cascade  at  low 
Reynolds  number.  The  LI  A  blade  profile  can  be  found  in 
Marks  et  al.  (2009)  and  Bons  et  al.  (2008)  and  full  experi¬ 
mental  details  of  the  cascade  in  Marks  et  al.  (2009).  A  sche¬ 
matic  of  the  experimental  arrangement  is  shown  in  Fig.  8. 

PIV  data  was  acquired  in  the  blade  normal  direction 
using  a  flat  laser-sheet  and  in  the  spanwise  viewing 
direction  by  a  curved  laser-sheet.  The  laser  was  a  New 
Wave  Solo  120XT,  its  beam  was  split  into  two  paths,  and 


Fig.  8  Curved  laser  technique  applied  to  PIV  of  flow  over  the  suction 
surface  of  a  linear  cascade  of  LP  turbine  blades 

double-exposure  images  were  recorded  with  PCO  1600 
cameras.  Off-the-shelf  optical  elements  consisting  of  a 
series  of  spherical  and  cylindrical  lenses  were  arranged  to 
generate  a  curved  laser-sheet  that  closely  matched  the 
suction  surface  blade  profile  from  60  to  90%  axial  chord  in 
the  field  of  view.  The  spanwise  viewing  camera  lens  was  a 
105  mm  set  at  f#2.8  and  located  ~  100  cm  away  from 
blade  four  (middle  of  the  cascade).  The  optical  path  passed 
through  two  flat  1.25-cm-thick  Lexan  sheets  from  the  wind 
tunnel  outer  wall  and  the  cascade  tailboard.  The  FOV  was 
124  x  93  mm.  The  curved  laser- sheet  was  brought  into 
focus  in  the  camera  by  employing  a  large  F-number  (small 
aperture),  and  a  grid  on  the  blade  profile  was  used  for 
magnification  calibration  across  the  field  of  view  (FOV). 
As  discussed  earlier,  an  additional  source  of  uncertainty  is 
introduced  by  magnification  factor  variation  across  the 


Fig.  9  Flow  visualization  in  the  blade  normal  plane  and  spanwise 
image  plane  combined  into  one  image.  The  curved  laser-sheet 
following  the  blade  shape  is  shown  with  some  grid  lines  for  reference 
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Fig.  10  Averaged  blade  normal 
plane  PIV  flow  field  ( bottom ) 
and  corresponding  spanwise 
plot  (top)  at  Re  =  6  x  104, 

Tu  =  4% 


FOV,  which  must  be  accurately  accounted  for  when  cal¬ 
culating  velocity  from  the  correlated  displacement  field. 

Figure  9  shows  a  flow  visualization  image  in  two  per¬ 
pendicular  planes,  the  blade  normal  and  spanwise  direc¬ 
tions.  Samples  of  averaged  PIV  velocity  fields  calculated 
using  parallel-PIV  (PPIV)  software  (McCray  et  al.  2005) 
taken  in  the  spanwise  direction  using  the  curved  laser- 
sheet,  and  in  the  blade  normal  direction  using  a  flat  laser- 
sheet,  are  shown  in  Fig.  10  for  a  Reynolds  number  of 
6.0  x  104.  The  spanwise  velocity  plot  is  positioned  above 
the  blade  normal  plot  with  the  blade  axial  positions  in  each 
view  aligned  in  the  vertical  direction.  Approximately  125 
image  pairs  were  used  to  calculate  the  average  velocity 
fields  for  the  blade  normal  and  spanwise  viewing  direc¬ 
tions.  Under  such  low  Reynolds  number  conditions,  a 
closed  reattaching  separation  bubble  is  present,  and  the 
curved  laser-sheet  passed  through  the  top  portion  of  the 
bubble.  The  curved  laser-sheet  location  is  shown  as  a  black 
line  in  the  bottom  plot  of  Fig.  10.  The  laser  location  and 
thickness  (1  mm)  were  identified  by  fitting  photo- sensitive 
paper  normal  to  the  blade  surface  and  using  the  laser  to 
bum  a  line  onto  the  paper. 

An  instantaneous  flow  visualization  image  taken  in  the 
spanwise  direction  is  shown  in  Fig.  11  as  well  as  corre¬ 
sponding  unfiltered  velocity  vectors.  The  instantaneous 


x2/d 


Fig.  11  Instantaneous  flow  visualization  (top)  and  velocity  vectors 
(bottom)  above  the  suction  surface  of  a  low-pressure  turbine  blade  in 
the  spanwise  viewing  direction  acquired  using  a  curved  laser-sheet  at 
Re  =  6.0  x  104,  Tu  =  4%  (image  colors  are  inverted) 
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image  reveals  uniform  laminar  flow,  then  near  zero  velocity 
in  the  separation  bubble,  and  followed  by  areas  of  unsteady, 
chaotic,  and  turbulent  flow.  The  averages  shown  in  Fig.  10 
and  the  instantaneous  image  and  vector  field  shown  in 
Fig.  1 1  demonstrate  the  potential  of  this  technique. 

4  Conclusion 

Images  taken  in  the  spanwise  viewing  direction  around  the 
suction  side  of  a  LPT  blade  at  low  Reynolds  number  are 
examples  of  flow  visualization  and  PIV  data  obtained  using 
the  new  curved  laser- sheet  technique  conformable  to 
curved  surfaces.  Off-the-shelf  optical  components  were 
used  to  generate  the  curved  laser- sheet  in  this  work,  but 
custom  optical  elements  could  be  used  to  create  curved 
sheets  that  match  streamsurfaces  or  body  surfaces  for 
conformal  surface  flow  diagnostics.  This  technique  has 
been  demonstrated  using  common  2D  PIV  methods  but 
could  be  applied  to  a  variety  of  optical  flow  measurement 
methods  and  is  capable  of  providing  views  that  have  pre¬ 
viously  been  unobtainable. 
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(ABSTRACT) 

There  is  increasing  interest  in  design  methods  and  performance  prediction  for  turbine  engines 
operating  at  low  Reynolds  numbers.  In  this  regime,  boundary  layer  separation  may  be  more 
likely  to  occur  in  the  turbine  flow  passages.  For  accurate  CFD  predictions  of  the  flow,  correct 
modeling  of  laminar-turbulent  boundary  layer  transition  is  essential  to  capture  the  details  of  the 
flow.  To  investigate  possible  improvements  in  model  fidelity,  both  two-dimensional  and  three- 
dimensional  CFD  models  were  created  for  the  flow  over  several  low  pressure  turbine  blade 
designs.  A  new  three-equation  eddy-viscosity  type  turbulent  transitional  flow  model  originally 
developed  by  Walters  and  Leylek  was  employed  for  the  current  RANS  CFD  calculations.  Flows 
over  three  low  pressure  turbine  blade  airfoils  with  different  aerodynamic  characteristics  were 
simulated  over  a  Reynolds  number  range  of  15,000-100,000,  and  predictions  were  compared  to 
experiments.  The  turbulent  transitional  flow  model  sensitivity  to  inlet  turbulent  flow  parameters 
showed  a  dependence  on  free-stream  turbulence  intensity  and  turbulent  length  scale.  Using  the 
total  pressure  loss  coefficient  as  a  measurement  of  aerodynamic  performance,  the  Walters  and 
Leylek  transitional  flow  model  produced  adequate  prediction  of  the  Reynolds  number 
performance  in  the  Lightly  Loaded  blade.  Furthermore,  the  correct  qualitative  flow  response  to 
separated  shear  layers  was  observed  for  the  Highly  Loaded  blade.  The  vortex  shedding  produced 
by  the  separated  flow  was  largely  two-dimensional  with  small  spanwise  variations  in  the 
separation  region.  The  blade  loading  and  separation  location  was  sufficiently  predicted  for  the 
Aft-Loaded  LI  A  blade  flowfield.  Investigations  of  the  unsteady  flowfield  of  the  Aft-Loaded 
LI  A  blade  showed  the  shear  layer  produced  a  large  separation  region  on  the  suction  surface.  This 
separation  region  was  located  more  downstream  and  significantly  reduced  in  size  when  impinged 
upon  by  the  upstream  wakes,  thus  improving  the  aerodynamic  performance  consistent  with 
experiments.  For  all  cases  investigated,  the  Walters  and  Leylek  transitional  flow  model  was 
judged  to  be  sufficient  for  understanding  the  separation  and  transition  characteristics,  and 
superior  to  other  widely-used  turbulence  models  in  accuracy  of  describing  the  details  of  the 
transitional  and  separated  flow.  This  research  characterized  and  assessed  a  new  model  for  low 
Reynolds  number  turbine  aerodynamic  flow  prediction  and  design  improvement. 


92 

Approved  for  public  release;  distribution  unlimited. 


Acknowledgements 


First  and  foremost,  the  author  would  like  to  thank  my  family  and  close  friends  for  all 
their  support,  patience,  and  encouragement  in  pursuit  of  this  degree.  The  author  would  like  to 
thank  Dr.  Walter  O’Brien,  Dr.  Douglas  Rabe,  Dr.  Marc  Polanka,  Dr.  Rolf  Sondergaard,  Dr. 
Clinton  Dancey  and  Dr.  Danesh  Tafti  for  serving  on  my  PhD  committee.  The  work  presented 
was  sponsored  by  the  Air  Force  Research  Laboratory,  Propulsion  Directorate,  Turbine  Engine 
Division.  Computing  resources  were  provided  by  the  AFRL,  Department  of  Defense  Super- 
Computing  Resource  Center,  High  Performance  Computing  facility  at  Wright  Patterson  AFB, 
OH.  The  author  is  grateful  to  Dr.  Hugh  Thornburg  from  AFRL  DSRC  and  Frank  Kelecy  from 
ANSYS®,  who  are  acknowledged  for  assistance  with  mesh  generation,  CFD  simulation  set-up, 
and  helpful  discussions.  Also,  Dr.  Donald  P.  Rizzetta  from  Air  Vehicles  Directorate,  AFRL  and 
Dr.  Chunill  Hah  from  NASA  Glenn  Research  Center  are  acknowledged  for  their  helpful  advice. 
Also,  the  author  is  thankful  to  Dr.  Steve  Gorrell  for  the  use  of  high  priority  CHALLENGER 
CPU  hours  in  order  to  complete  CFD  simulations  in  a  timely  manner. 


D.  Sanders  iii 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

93 

Approved  for  public  release;  distribution  unlimited. 


Table  of  Contents 


Acknowledgements . iii 

Table  of  Contents . iv 

List  of  Figures . viii 

List  of  Tables . xiv 

Nomenclature . xv 

1.  Introduction . 1 

1.1  Research  Program  Goals . 3 

1.2  Low  Pressure  Turbine  Aerodynamic  Flow  Effects . 4 

1.2.1  Laminar  Flow  Boundary  Layers . 6 

1.2.2  Transitional  Flow  Boundary  Layers . 12 

1.2.3  Turbulent  Flow  Characteristics . 16 

1.2.4  Turbulent  Flow  Boundary  Layers . 22 

1.3  CFD  Methods  of  Predicting  Low  Reynolds  Number  Effects  in  LPT  Blades . 24 

1.3.1  Direct  Numerical  Simulation  CFD  Method . 25 

1.3.2.  Large  Eddy  Simulation  CFD  Method . 27 

1.3.3.  Reynolds  Averaged  Navier-Stokes  (RANS)  CFD  Method . 29 

1.4  Transition  Modeling . 30 

1.4.1.  eN  Method . 30 

1.4.2.  Domey  et  al.  Model . 32 

1.4.3.  Suzen  et  al.  Model . 33 

1.4.4.  Prasnier  and  Clark  Model . 34 

1.4.5.  The  Menter  et  al.  y-Re©  Model . 35 

1.4.6.  The  Moore  and  Moore  MARV  Reynolds  Stress  Model . 37 

1.4.7.  Walters  and  Leylek  k-kL-co  Model . 38 

2.  Description  of  Experimental  Cascade  Configurations  Utilized  in  the  Investigation . 41 

2.1  Linear  Cascade  Geometry . 41 

2.2  The  AFRL  Low  Speed  Wind  Tunnel . 42 

2.2.1  Design  of  Moving  Bar  Wake  Generator . 43 

2.3  Measurement  Techniques . 45 

2.3.1  Surface  Static  Pressure  Measurements . 45 

2.3.2  Wake  Loss  Measurements . 45 

2.3.3  Particle  Image  Velocimetry . 46 

D.  Sanders  iv 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

94 

Approved  for  public  release;  distribution  unlimited. 


2.4  Description  of  LPT  Blade  Airfoil  Geometries . 48 

2.4.1  The  “Lightly  Loaded”  LPT  Blade  Airfoil . 49 

2.4.2  The  “Highly  Loaded”  LPT  Blade  Airfoil . 51 

2.4.3  The  “Aft-Loaded  LI  A”  LPT  Blade  Airfoil . 55 

3.  Computational  Model  Methodology . 61 

3.1  Computational  Grid  Design  Method . 61 

3.1.1  Grid  Technique  for  the  2D  Cascade  CFD  Models . 63 

3.1.2  Aft-Loaded  LI  A  Blade  with  Upstream  Wake  Generators . 67 

3.1.3  Grid  Technique  for  the  3D  Cascade  CFD  Models . 69 

3.2  CFD  Numerical  Scheme . 70 

3.3  The  Choice  of  Turbulence  Model . 71 

3.3.1  Comparisons  of  the  RANS  Turbulence  Models . 73 

3.4  CFD  Boundary  Conditions . 78 

3.5  Computational  Resources . 79 

3.6  CFD  Post  Processing  and  Analysis . 80 

4.  The  Lightly  Loaded  Blade  CFD  Results . 82 

4.1  Performance  Prediction  at  Different  Inlet  Reynolds  Numbers . 82 

4.2  Effect  of  Inlet  Turbulence  Parameters  on  Transition  and  Performance  Predictions . 87 

4.2.1  Inlet  Turbulent  Length  Scale  Study . 88 

4.2.2  Inlet  Turbulence  intensity  Study . 92 

4.3  Summary  of  Results . 98 

5.  The  Highly  Loaded  Blade  CFD  Results . 99 

5.1  Two-Dimensional  CFD  Comparisons  with  Experimental  Results . 99 

5.1.1  Surface  Static  Pressure  Coefficient . 100 

5.1.2  Boundary  Layer  Velocity  Profiles . 102 

5.1.3  Unsteady  Features  of  the  Flowfield . 105 

5.1.4  Total  Pressure  Loss  Coefficient  Predictions . 112 

5.2  Three-Dimensional  CFD  Comparisons  with  Experimental  Results . 1 15 

5.2.1  Surface  Static  Pressure  Coefficient . 115 

5.2.2  Mean  Velocity  Boundary  Layer  Profiles . 116 

5.2.3  Unsteady  Features  of  the  Flowfield . 1 17 

5.2.4  Total  Pressure  Loss  Coefficient  Predictions . 121 

5.3  Summary  of  Results . 122 

6.  The  Aft-Loaded  LI  A  Blade  CFD  Results . 124 

D.  Sanders  v 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

95 

Approved  for  public  release;  distribution  unlimited. 


6.1  CFD  Predictions  at  Low  Inlet  Turbulence  intensity . 124 

6.1.1  Surface  Static  Pressure  Coefficient . 125 

6.1.2  Velocity  Contours  and  Boundary  Layer  Profiles . 127 

6.1.3  Unsteady  Features  of  the  Flowfield . 130 

6.1.4  Total  Pressure  Loss  Coefficient  Predictions . 135 

6.2  CFD  Predictions  at  High  Inlet  Turbulence  intensity . 137 

6.2.1  Surface  Static  Pressure  Coefficient . 137 

6.2.2  Mean  and  RMS  Velocity  Contours . 139 

6.2.3  Boundary  Layer  Velocity  Profiles . 144 

6.2.4  Total  Pressure  Loss  Coefficient  Predictions . 146 

6.3  Summary  of  Results . 148 

7.  Aft-Loaded  L1A  Blade  with  Upstream  Wake  Generators . 151 

7.1  CFD  Predictions  for  the  Wake  Generator . 152 

7.1.1  Surface  Static  Pressure  Coefficient . 152 

7.1.2  Unsteady  Features  of  the  Flowfield . 153 

7. 1 .3  Downstream  Wake  Characteristics . 155 

7.2  CFD  Predictions  for  the  Aft-Loaded  LI  A  Blade . 159 

7.2.1  Unsteady  Features  of  the  Flowfield . 159 

7.2.2  Comparison  of  Phase  Velocity  Contours  with  Experimental  PIV  Results . 166 

7.2.3  Mean  Flow  Comparisons  of  the  Surface  Static  Pressure  and  Boundary  Layer 
Profiles  172 

7.2.4  Total  Pressure  Loss  Coefficient  Predictions . 177 

7.3  Summary  of  Results . 178 

8.  Summary  and  Conclusions . 181 

8.1  Future  Work . 187 

References . 190 


Appendix  I.  Comparisons  of  the  Fluent  Formulations  of  Walters  and  Leylek’s  Transitional  Flow 


Model 


193 


A.  1  Fluent  Formulations  of  the  k-kL-co  Model 


194 


A.  1.1  Fluent  6.3  k-k[  -co  Model 


194 


A.  1.2  Fluent  12.0  k-kL-w  Model . 195 

A.2CFD  Predictions  at  Low  Inlet  Turbulence  intensity . 196 

A.2.1  Mean  Surface  Static  Pressure  Coefficient . 197 


A.2.2  Velocity  Contours  and  Boundary  Layer  Profiles . 198 

A.2.3  Unsteady  Features  of  the  Flowfield . 200 

D.  Sanders  vi 


CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

96 

Approved  for  public  release;  distribution  unlimited. 


A.2.4  Total  Pressure  Loss  Coefficient . 202 

A.3CFD  Predictions  at  High  Inlet  Turbulence  intensity . 204 

A.3.1  Mean  Surface  Static  Pressure  Coefficient . 204 

A.3.2  Velocity  Contours  and  Boundary  Layer  Profiles . 205 

A.3.3  Total  Pressure  Loss  Coefficient . 207 


D.  Sanders  vii 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

97 

Approved  for  public  release;  distribution  unlimited. 


List  of  Figures 

Figure  1.1.  Illustration  of  passing  wake  behavior  across  a  rotor  blade  row  [5] . 5 

Figure  1 .2.  Endwall  flow  within  a  turbine  blade  passage  [6] . 6 

Figure  1.3.  Diagram  of  typical  boundary  profile  (a)  and  description  of  displacement  thickness  (b)  [7] . 7 

Figure  1 .4.  Diagram  of  laminar  and  turbulent  boundary  layer  flow  over  a  flat  plate  [7] . 8 

Figure  1.5.  In  viscid  flow  past  a  cylinder  (a)  pressure  distribution  (b)  and  freestream  velocity  (c)  on  the 
cylinder  surface  [7] . 9 

Figure  1.6.  The  effect  of  pressure  gradients  on  boundary  layer  profiles  [8] . 1 1 

Figure  1.7.  The  neutral  stability  curve  [10] . 14 

Figure  1.8.  Diagram  of  the  Types  of  Boundary  Layer  Turbulent  Transition  [3] . 16 

Figure  1.9.  Energy  spectrum  for  a  turbulent  low  in  log-log  scales  [1 1] . 21 

Figure  2.1.  Diagram  of  a  typical  rectilinear  cascade  geometry  [32] . 42 

Figure  2.2.  (a)  AFRL  Low  Speed  Wind  Tunnel  Facility[35]  and  (b)  view  of  the  test  section  [36] . 43 

Figure  2.3.  (a)  Track  configuration  and  (b)  mechanical  design  CAD  model  of  moving  wake  generator 
track  [37] . 44 

Figure  2.4.  Schematic  of  PIV  setup  of  laser  and  camera[35] . 47 

Figure  2.5.  In  viscid  static  pressure  coefficient  distributions  and  blade  profiles  for  the  (a)  Lightly  Loaded, 
(b)  Highly  Loaded,  and  (c)  Aft-Loaded  LI  A  blade  airfoils  at  Re  =50,000 . 49 

Figure  2.6.  (a)  Wake  total  pressure  loss  coefficient  profiles  (b)  and  integrated  loss  coefficient  with  error 
bars  at  Re  =10,000-100,000  for  the  Lightly  Loaded  blade  airfoil . 51 

Figure  2.7.  Experimental  measurements  of  the  static  pressure  coefficient  for  the  Highly  Loaded  blade 
airfoil  taken  by  Bons  et  al.  [38] . 52 

Figure  2.8.  Mean  boundary  layer  velocity  profiles  extracted  from  PIV  measurements  of  Woods  et  al.  [39] 
for  the  Highly  Loaded  blade . 53 

Figure  2.9.  Wake  total  pressure  loss  coefficient  measurements  of  Garmoe  [36]  and  Casey  et  al  [40]  for 
the  Highly  Loaded  blade . 54 

Figure  2.10.  Integrated  wake  total  pressure  loss  coefficient  measurements  of  Marks  et  al.  [40]  for  the  Aft- 
Loaded  LI  A  blade  at  high  and  low  turbulent  intensities . 56 

Figure  2.11.  Measurements  of  the  Surface  static  pressure  coefficient  of  Marks  et  al.  [40]  for  the  Aft- 
Loaded  LI  A  blade  at  high  and  low  turbulent  intensities . 57 

Figure  2.12.  Mean  velocity  contours  obtained  from  PIV  measurements  and  instantaneous  flow 
visualizations  of  Marks  et  al.  [40]  for  the  Aft-Loaded  LI  A  blade  at  Tu  =  0.5% . 58 

Figure  2.13.  Mean  velocity  contours  obtained  from  PIV  measurements  and  instantaneous  flow 
visualizations  of  Marks  et  al.  [40]  for  the  Aft-Loaded  LI  A  blade  at  Tu  =  3.4% . 60 

Figure  3.1.  Two  dimensional  hybrid  O-H  grid  of  the  (a)  Lightly  Loaded,  (b)  Highly  Loaded,  and  (c)  Aft- 
Loaded  LI  A  LPT  blade  airfoils . 64 

Figure  3.2.  Comparison  of  the  total  pressure  loss  coefficient  for  the  Lightly  Loaded  blade  airfoil  at 
different  grids  spatial  resolutions . 65 

D.  Sanders  viii 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

98 

Approved  for  public  release;  distribution  unlimited. 


Figure  3.3.  (a)  Grid  of  the  Highly  Loaded  blade  with  the  extended  outlet  and  (b)  loss  coefficient 

comparison  of  the  baseline  grid  to  the  extended  outlet  grid . 66 


Figure  3.4.  Two  dimensional  hybrid  O-H  grid  of  the  Aft-Loaded  L1A  blade  with  upstream  wake 
generators . 67 

Figure  3.5.  Three-dimensional  hybrid  O-H  grid  of  the  Highly  Loaded  LPT  blade  airfoils . 69 


Figure  3.6.  Turbulence  model  comparison  of  the  suction  surface  turbulent  kinetic  energy  at  Re  = 
100,000,  Tu  =1%,  lm  -  10.4mm  for  the  Lightly  Loaded  blade  airfoil . 74 

Figure  3.7.  Comparison  of  the  boundary  layer  integral  parameters  of  all  three  turbulence  models  at  Re  = 
100,000  for  the  Lightly  Loaded  blade  airfoil . 74 

Figure  3.8.  Comparison  of  total  pressure  loss  coefficient  for  turbulence  models  at  Re  =  100,000,  Tu  =  1% 
for  the  Lightly  Loaded  blade  airfoil . 77 

Figure  3.9.  AFRL  Major  Shared  Resource  Center  HP  XC  Opteron  (top  left),  SGI  Altix  3700  (top  right), 
and  SGI  Altix  4700  (bottom  center)  Super-Computers . 80 

Figure  4.1.  Velocity  magnitude  contour  plots  of  the  Lightly  Loaded  blade  airfoil  simulated  at  a  range  of 
inlet  Reynolds  numbers . 84 

Figure  4.2.  Comparison  of  the  CFD  and  experimental  [36]  integrated  wake  loss  coefficient  at  a  range  of 
inlet  Reynolds  numbers  for  the  Lightly  Loaded  blade  airfoil . 84 

Figure  4.3.  Comparison  of  the  CFD  and  Experimental  [36]  Maximum  Loss  Coefficient  at  a  Range  of 
Inlet  Reynolds  Numbers  for  the  Lightly  Loaded  Blade  Airfoil . 87 

Figure  4.4.  Maximum  wake  loss  coefficient  verses  inlet  turbulent  length  scale  for  the  Lightly  Loaded 
blade . 90 

Figure  4.5.  Wake  region  total  pressure  contours  for  the  Lightly  Loaded  Blade  at  (a)  lm  =  8mm,  (b)  lm  = 
14mm,  and  (c)  lm  —  20mm . 91 

Figure  4.5.  Integrated  wake  loss  coefficient  verses  inlet  turbulent  length  scale  for  the  Lightly  Loaded 
blade . 92 

Figure  4.6.  Comparison  of  the  suction  surface  turbulent  kinetic  energy  at  different  inlet  turbulent 
intensities  for  the  Lightly  Loaded  blade  at  Re  =  50,000,  lm  -  5mm . 93 

Figure  4.7.  Comparison  of  (a)  boundary  layer  velocity  profiles  and  (b)  integral  parameters  at  different 
inlet  freestream  turbulent  intensities  at  Re  =  50,000,  lm  =  50mm  for  the  Lightly  Loaded  blade  airfoil . 95 

Figure  4.8.  (a)  Inlet  turbulence  intensity  effect  on  the  wake  total  pressure  loss  coefficient  and 

instantaneous  wake  total  pressure  contours  at  (b)  Tu  =  0.5%  and  (c)  Tu  =  0.724%,  Re  =  50,000  for  the 
Lightly  Loaded  blade  airfoil . 97 

Figure  5.1.  Comparison  of  surface  static  pressure  coefficient  with  3D  LES  [45]  simulations  and 
experimental  results  [38]  at  inlet  Reynolds  numbers  of  a)  100,000  and  b)  50,000  for  the  Highly  Loaded 
blade  airfoil . 101 

Figure  5.2.  Comparison  of  surface  static  pressure  coefficient  with  3D  LES  [45]  simulations  and 
experimental  results  [38]  at  inlet  Reynolds  numbers  of  25,000  for  the  Highly  Loaded  blade  airfoil . 102 

Figure  5.3.  Comparison  of  the  boundary  layer  velocity  profiles  at  inlet  Reynolds  numbers  of  a)  100,000 
and  b)  50,000  with  the  experimental  results  [39]  for  the  Highly  Loaded  blade  airfoil . 104 

Figure  5.4.  Comparison  of  the  mean  boundary  layer  velocity  profiles  at  25,000  with  the  experimental 
results  [39]  for  the  Highly  Loaded  blade  airfoil . 105 


D.  Sanders 


CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

99 

Approved  for  public  release;  distribution  unlimited. 


Figure  5.5.  Instantaneous  vorticity  contour  plot  at  Re  =  100,000  for  the  Highly  Loaded  blade  airfoil...  106 

Figure  5.6.  Instantaneous  vorticity  contours  at  Re  =  50,000  for  the  Highly  Loaded  blade  airfoil  at  lm  = 
50mm  (a&b)  and  lm  =  5mm(c&d) . 107 

Figure  5.7.  Time  signal,  FFT  calculation  of  the  drag  coefficient,  instantaneous  vorticity  contours  at  Re  = 
50,000  for  the  Highly  Loaded  blade  airfoil  at  lm  =  5mm  (a)  &  (c)  and  lm  =  50mm  (b)  &  (d) . 109 

Figure  5.8.  Instantaneous  Vorticity  Contours  at  Re  =  25,000  for  the  Highly  Loaded  Blade  Airfoil  at  lm  - 
50mm  (a&b)  and  lm  =  5mm  (c&d) . 110 

Figure  5.9.  Time  signal,  FFT  calculation  of  the  drag  coefficient,  instantaneous  vorticity  contours  at  Re  = 
25,000  for  the  Highly  Loaded  blade  airfoil  at  lm  =  5mm  (a)  &  (c)  and  lm  =  50mm  (b)  &  (d) . Ill 

Figure  5.10.  Comparison  of  total  pressure  loss  coefficient  with  experimental  [36,40]  results  at  inlet 
Reynolds  numbers  of  (a)  100,000,  (b)  50,000,  and  (c)  25,000  for  the  Highly  Loaded  blade  airfoil . 114 

Figure  5.11.  Dimensional  comparison  of  surface  static  pressure  coefficient  with  3D  LES  [45]  simulations 
and  experimental  results  [38]  at  inlet  Reynolds  numbers  of  25,000  for  the  Highly  Loaded  blade  airfoil  116 

Figure  5.12.  Two  and  three-dimensional  comparisons  of  the  mean  boundary  layer  velocity  profiles  at 
25,000  with  the  experimental  results  [39]  for  the  Highly  Loaded  blade  airfoil . 1 17 

Figure  5.13.  Comparison  of  the  instantaneous  vorticity  contours  at  Re  =  25,000,  Tu  =  0.5%  for  the  (a)-(b) 
2-D  and  (c)-(d)  3-D  simulations  of  the  Highly  Loaded  blade  airfoil . 118 

Figure  5.14.  Iso-surfaces  of  instantaneous  vorticity  for  the  3-D  simulation  of  the  Highly  Loaded  blade 
airfoil  at  Re  =  25,000,  Tu  =  0.5% . 1 19 

Figure  5.15.  Comparisons  of  instantaneous  spanwise  vorticity  for  2-D  and  3-D  LES  simulation  by  Visbal 
[47] . 120 

Figure  5.16.  2-D  and  3-D  comparison  of  total  pressure  loss  coefficient  with  experimental  [36,40]  results 
at  Re  =  25,000  for  the  Highly  Loaded  blade  airfoil . 122 

Figure  6.1.  Comparison  of  surface  static  pressure  coefficient  with  Clark  et  al  [25]  simulations  and 
experimental  results  [35]  at  inlet  Reynolds  numbers  of  a)  50,000  and  b)  31,000,  Tu  =  0.5%  for  the  Aft- 
Loaded  LI  A  blade  airfoil . 126 

Figure  6.2.  Mean  velocity  contours  plots  of  the  (a)  PIV  results  at  Re=60,000,  (b)  the  CFD  results  at  Re  = 
50,000,  (c)  PIV  results  at  Re  =  25,000,  and  (d)  CFD  results  at  Re  =  31,000  for  the  Aft -Loaded  LI  A  blade 
airfoil . 127 

Figure  6.3.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental 
(Re=60,000)  results  [35]  at  inlet  Re  =  50,000  for  the  Aft-Loaded  L1A  blade  airfoil . 128 

Figure  6.4.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental  (Re  = 
25,000)  results  [35]  at  inlet  Re  =  31,000  for  the  Aft-Loaded  L1A  blade  airfoil . 130 

Figure  6.5.  Instantaneous  flow  visualizations  of  Marks  et  al.  [35]  at  (a)  Re  =  60,000  and  (b)  25,000,  Tu  = 
0.5%  for  the  Aft-Loaded  LI  A  blade  airfoil.  Image  view  taken  52.5%  axial  chord  location  to  the  trailing 
edge . 131 

Figure  6.6.  Instantaneous  vorticity  contours  at  Re  =  50,000,  Tu  =  0.5%,  lm  -  50mm  for  the  Aft-Loaded 
LI  A  blade  airfoil . 132 

Figure  6.7.  Instantaneous  vorticity  contours  at  Re  =  31,000,  Tu  =  0.5%,  lm  -  50mm  for  the  Aft-Loaded 
LI  A  blade  airfoil . 133 


Figure  6.8.  Time  signal,  FFT  calculation  of  the  drag  coefficient,  instantaneous  vorticity  contours  at  (a)- 


(c)  Re  =  50,000  and  (b)-(d)  Re  =  31,000,  Tu  =  0.5%,  and  lm  =  50  mm . 135 

D.  Sanders  x 


CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

100 

Approved  for  public  release;  distribution  unlimited. 


Figure  6.9.  Comparison  of  total  pressure  loss  coefficient  with  experimental  [35]  result  at  inlet  Reynolds 
numbers  of  (a)  50,000  and  (b)  31,000  for  the  Aft-Loaded  L1A  blade  airfoil . 136 


Figure  6.10.  Comparison  of  surface  static  pressure  coefficient  with  Clark  et  al.  [25]  simulations  and 
experimental  results  [35]  at  inlet  Reynolds  numbers  of  a)  50,000  and  b)  25,000,  Tu  =  3.4%  for  the  Aft- 
Loaded  LI  A  blade  airfoil . 139 

Figure  6.11.  Mean  velocity  contour  comparisons  of  k-kL-co  model  at  (a)  lm  =  4mm ,  (b)  lm=40mm,  (c)  k- 
co(SST)  model  at  lm  -40mm,  and  (d)  PIV  result  of  Marks  et  al  [35]  at  Re=50,000,  Tu=3.4%  for  the  Aft- 
Loaded  LI  A  blade  airfoil . 141 

Figure  6.12.  RMS  velocity  contour  comparisons  of  k-kL-co  model  at  (a)  lm  =  4mm ,  (b)  lm=40mm,  (c)  PIV 
result,  and  (d)  flow  visualizations  of  Marks  et  al.  [35]  at  Re=50,000,  Tu=3.4%  for  the  Aft-Loaded  L1A 
blade  airfoil . 141 

Figure  6.13.  Mean  velocity  contour  comparisons  of  k-kL-co  model  at  (a)  lm  -  4mm,  (b)  lm-40mm,  (c)  k- 
afSST)  model  at  lm  =40mm ,  and  (d)  PIV  result  of  Marks  et  al.  [35]  at  Re=25,000,  Tu=3.4%  for  the  Aft- 
Loaded  LI  A  blade  airfoil . 143 

Figure  6.14.  RMS  velocity  contour  comparisons  of  k-kL-co  model  at  (a)  lm  -  4mm,  (b)  lm=40mm,  (c)  PIV 
and  (d)  flow  visualizations  of  Marks  et  al.  [35]  at  Re=25,000,  Tu=3.4%  for  the  Aft-Loaded  L1A  blade 
airfoil . 143 

Figure  6.15.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental  results 
[35]  at  inlet  Re  =  50,000  for  the  Aft-Loaded  L1A  blade  airfoil  at  Tu  =  3.4% . 145 

Figure  6.16.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental  results 
[35]  at  inlet  Re  =  25,000  for  the  Aft-Loaded  L1A  blade  airfoil  at  Tu  =  3.4% . 146 

Figure  6.17.  Comparison  of  total  pressure  loss  coefficient  with  experimental  [35]  result  at  inlet  Reynolds 
numbers  of  (a)  50,000  and  (b)  25,000  for  the  Aft-Loaded  LI  A  blade  airfoil  at  Tu  =  3.4% . 148 

Figure  7.1.  The  mean  surface  static  pressure  coefficient  at  ReD  =  794  at  (a)  Tu  =  0.5%,  lm  =  50mm  and 
(b)  Tu  =  3.4%,  lm  =  40mm  for  the  wake  generator . 153 

Figure  7.2.  Instantaneous  Z-vorticity  contours  at  ReD  =  794  at  (a)  Tu  -  0.5%,  lm  =  50mm  and  (b)  Tu  - 
3.4%,  lm  =  40mm  for  the  wake  generator . 155 

Figure  7.3.  Comparison  of  the  time-signal  of  the  wake  generator  velocity  for  CFD  at  Tu  =  0.5%  and  3.4% 
with  experimental  [37]  single  point  hot-film  velocity  measurements  at  Tu  =  0.5%  for  Re  =  25,000 . 157 

Figure  7.4.  Comparison  of  the  velocity  (a)  Probe  #1  and  (b)  #2  blade  passage  locations  with  the 
experimental  [48]  single  point  hot-film  velocity  measurements  at  Re  =  25,000,  Tu  =  3.4% . 158 

Figure  7.5.  Diagram  of  the  different  wake  generator  locations  for  each  of  the  six  phases  [37] . 160 

Figure  7.6.  (a)  CFD  and  (b)  experimental  time  location  for  each  phase  with  respect  to  the  Probe  #2  time 
signal  of  the  freestream  velocity  [48] . 160 

Figure  7.7.  Instantaneous  z-vorticity  contour  plots  for  each  of  the  six  phases  at  Re  =25,000,  Tu  =  0.5%, 
lm  =  50mm . 163 

Figure  7.8.  Instantaneous  z-vorticity  contour  plots  for  each  of  the  six  phases  at  Re  =25,000,  Tu  =  3.4%, 
lm  =  40mm . 164 

Figure  7.9.  Comparisons  of  the  instantaneous  z-vorticity  contours  of  the  separation  region  at  Phase  #1, 
#3,  and  #6  for  baseline  Re  =  31,000  and  Re  =  25,000  with  wakes,  at  Tu  =  0.5%,  lm  -  50mm . 165 


D.  Sanders  xi 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

101 

Approved  for  public  release;  distribution  unlimited. 


Figure  7.10.  Time  signal  and  FFT  calculation  of  the  drag  coefficient  for  the  Aft-Loaded  LI  A  blade  airfoil 
with  upstream  wake  generators  at  Re  =  25,000  (a)  Tu  =  0.5%,  lm  =  50mm  and  (b)  Tu  =  3.4%,  lm  -  40mm 
. 166 


Figure  7.11.  Comparison  of  the  velocity  magnitude  contour  plots  in  the  blade  passage  for  the  CFD  and 
experimental  [37]  PIV  results  at  Re  =  25,000,  Tu  =  3.4%,  lm  =  40mm  for  Phase  #1  &  #2 . 168 

Figure  7.12.  Comparison  of  the  velocity  magnitude  contour  plots  in  the  blade  passage  for  the  CFD  and 
experimental  [37]  PIV  results  at  Re  =  25,000,  Tu  =  3.4%,  lm  =  40mm  for  Phase  #3  &  #4 . 168 

Figure  7.13.  Comparison  of  the  velocity  magnitude  contour  plots  in  the  blade  passage  for  the  CFD  and 
experimental  [37]  PIV  results  at  Re  =  25,000,  Tu  =  3.4%,  lm  =  40mm  for  Phase  #5  &  #6 . 169 

Figure  7.14.  Comparison  of  the  instantaneous  boundary  layer  profiles  of  axial  velocity  the  Aft -Loaded 
L1A  blade  with  upstream  wake  generators  to  the  experimental  PIV  results  for  Phase  #1  at  Tu  =  3.4%,  lm  = 
40mm . 170 

Figure  7.15.  Comparison  of  the  instantaneous  boundary  layer  profiles  of  axial  velocity  the  Aft -Loaded 
L1A  blade  with  upstream  wake  generators  to  the  experimental  PIV  results  for  Phase  #3  at  Tu  =  3.4%,  lm  = 
40mm . 171 

Figure  7.16.  Comparison  of  the  instantaneous  boundary  layer  profiles  of  axial  velocity  the  Aft -Loaded 
L1A  blade  with  upstream  wake  generators  to  the  experimental  PIV  results  for  Phase  #6  at  Tu  =  3.4%,  lm  = 
40mm . 172 

Figure  7.17.  Comparison  of  surface  static  pressure  coefficient  of  the  Aft-Loaded  LI  A  blade  with 
upstream  wake  generators  to  the  baseline  CFD  simulation  at  Re  =  25,000  (b)  Tu  =  0.5%  and  (b)  Tu  = 
3.4% . 173 

Figure  7.18.  Comparisons  of  the  instantaneous  turbulence  intensity  at  Phase  #1,  #3,  and  #6  for  Re  = 
25,000  with  wakes,  at  Tu  =  0.5%,  lm  =  50mm  and  Tu  =  3.4%,  lm  =  40mm . 174 

Figure  7.19.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  the  Aft-Loaded  LI  A  blade 
with  upstream  wake  generators  to  the  baseline  CFD  simulation  at  Re  =  25,000,  Tu  =  0.5% . 176 

Figure  7.20.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  the  Aft-Loaded  LI  A  blade 
with  upstream  wake  generators  to  the  baseline  CFD  simulation  at  Re  =  25,000,  Tu  =  3.4% . 176 

Figure  7.21.  Comparison  of  total  pressure  loss  coefficient  with  experimental  [37,49]  for  the  baseline  and 
addition  of  wakes  (a)  Tu  =  0.5%  and  (b)  Tu  =  3.4%  at  Re  =  25,000for  the  Aft-Loaded  L1A  blade  airfoil 
. 178 

Figure  A.l.  The  k-kL-co  model  formulation  comparison  of  surface  static  pressure  coefficient  with  Clark  et 
al.  [25]  CFD  simulations  and  experimental  results  [35]  at  Re  =  50,000,  Tu  =0.5%  for  the  Aft-Loaded  LI  A 
blade  airfoil . 198 

Figure  A.2.  Mean  velocity  contours  plots  of  the  (a)  Fluent  12.0,  and  (b)  Fluent  6.3  formulation  of  the  k- 
kL-co  model  at  Re  =  50,000,  and  (c)  PIV  results  [35]  at  Re  =  60,000,  Tu  =  0.5%  for  the  Aft -Loaded  LI  A 
blade  airfoil . 199 

Figure  A. 3.  The  k-kL-co  model  formulation  comparison  of  the  mean  axial  velocity  boundary  layer  profiles 
with  experimental  (Re=60,000)  results  [35]  at  inlet  Re  =  50,000,  Tu  =  0.5%  for  the  Aft-Loaded  L1A 
blade  airfoil . 200 

Figure  A.4.  Instantaneous  vorticity  contours  at  Re  =  50,000,  Tu  =  0.5%  for  (a)-(c)  Fluent  12.0  and  (d)-(f) 
Fluent  6.3  of  the  k-kL-co  model  for  the  Aft-Loaded  LI  A  blade  airfoil . 201 

Figure  A.5.  Time  signal  and  FFT  calculation  of  the  drag  coefficient  for  the  Aft -Loaded  L1A  blade  airfoil 
using  the  (a)  Fluent  12.0  and  (b)  Fluent  6.3  formulation  of  the  k-kL-co  model . 202 

D.  Sanders  xii 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

102 

Approved  for  public  release;  distribution  unlimited. 


Figure  A.6.  The  k-kL-co  model  formulation  comparison  of  total  pressure  loss  coefficient  with 
experimental  [35]  result  at  inlet  Re  =  50,000,  Tu  =  0.5%  for  the  Aft-Loaded  LI  A  blade  airfoil . 203 

Figure  A.7.  The  k-kL-co  model  formulation  comparison  of  surface  static  pressure  coefficient  with  Clark  et 
al.  [25]  CFD  simulations  and  experimental  results  [35]  at  Re  =  50,000,  Tu  =  3.4%  for  the  Aft-Loaded 
LI  A  blade  airfoil . 205 

Figure  A.8.  Mean  velocity  contours  plots  of  the  (a)  Fluent  12.0,  (b)  Fluent  6.3  formulation  of  the  k-kL-co 
model  and  (c)  PIV  [35]  results  at  Re  =  50,000,  Tu  =  3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil . 206 

Figure  A.9.  The  k-kL-co  model  formulation  comparison  of  the  mean  axial  velocity  boundary  layer  profiles 
with  experimental  results  [35]  at  inlet  Re  =  50,000,  Tu  =  3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil ...  207 

Figure  A.  10.  The  k-kL-co  model  formulation  comparison  of  total  pressure  loss  coefficient  with 
experimental  [35]  result  at  inlet  Re  =  50,000,  Tu  =  3.4%,  for  the  Aft-Loaded  L1A  blade  airfoil . 208 


D.  Sanders  xiii 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

103 

Approved  for  public  release;  distribution  unlimited. 


List  of  Tables 


Table  3.1.  Grid  Dimensions  of  each  Cascade  CFD  Model . 64 

Table  3.2.  Turbulence  model  comparison  of  the  integrated  total  pressure  loss  coefficient  with  the 
experimental  [36,  40]  results  for  the  Lightly  Loaded  blade  airfoil . 77 

Table  3.3.  CFD  mathematical  rake  measurement  locations  created  in  Fluent  CFD  software . 81 

Table  4.1.  Summary  of  inlet  turbulence  parameters  on  transition/separation  location  and  maximum  loss 
coefficient  for  the  Lightly  Loaded  Blade . 88 


Table  5.1.  Summary  of  the  separation  location  and  Strouhal  number  for  the  Highly  Loaded  blade  airfoil 
. Ill 

Table  5.2.  Integrated  total  pressure  loss  coefficient  comparison  with  the  experimental  [36,  40]  results  for 
the  Highly  Loaded  blade  airfoil . 114 

Table  5.3.  Dimensional  comparison  of  the  integrated  total  pressure  loss  coefficient  with  the  experimental 
[36,  40]  results  for  the  Highly  Loaded  blade  airfoil . 122 

Table  6.1.  Summary  of  the  separation  location  and  Strouhal  number  for  the  Aft-Loaded  LI  A  blade  at  Tu 
=  0.5% . 135 

Table  6.2.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the  experimental  [35] 
results  for  the  Aft-Loaded  LI  A  blade  airfoil . 137 


Table  6.3.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the  experimental  [35] 
results  for  the  Aft-Loaded  L1A  blade  airfoil  at  Tu  =  3.4% . 148 

Table  7.1.  Summary  of  the  separation  location,  Strouhal  number,  and  wake  properties  for  the  wake 
generator . 158 

Table  7.2.  Summary  of  the  separation  location  and  Strouhal  number  for  the  Aft-Loaded  L1A  blade  airfoil 
with  upstream  wake  generators . 166 

Table  7.3.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the  experimental 
[35,37]  results  for  the  Aft-Loaded  L1A  blade  with  and  without  upstream  wake  generators . 178 

Table  8.1.  Summary  of  the  prediction  capability  achieved  using  Walters  and  Leylek  [2]  k-kL-co  model  for 
the  prediction  of  low  Reynolds  number  effects . 187 

Table  A.l.  Fluent  6.3  k-kL-co  model  constants . 195 

Table  A. 2.  Fluent  12.0  k-kL-co  model  constants . 196 

Table  A.3.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the  experimental 
[35]  results  at  Re  =50,000,  Tu  =  0.5%  for  the  Aft-Loaded  LI  A  blade  airfoil . 203 

Table  A.4.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the  experimental 
[35]  results  at  Re  =50,000,  Tu  =  3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil . 208 


D.  Sanders  xiv 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

104 

Approved  for  public  release;  distribution  unlimited. 


Nomenclature 


A 

b 

c 


cf 

CP  = 


cx 

d  = 
D 

E(k)  = 


fshed 
f resol 


F 

H 

k 


k 


Kt 

lm  — 

N 

Navg  = 

n  = 


P 


q 

q’ 

R 

K  = 

Rnat  = 

Re 

Re 0  = 

s  = 


amplitude 
wake  width 
phase  speed 
friction  coefficient 
pressure  coefficient 
axial  chord 
wall  distance 

cylinder  diameter,  kinetic  energy  near-wall  dissipation 

energy  spectrum  density 

vortex  shedding  frequency 

frequency  resolution 

nondimensional  frequency 

shape  factor 

turbulent  kinetic  energy 

unit  vector  in  the  z-direction 
acceleration  parameter 
integral  turbulent  length  scale 
amplification  factor,  wave  number 
averaging  interval 
distance  normal  from  the  wall 
pressure;  production  term 
dynamic  pressure 
instability  quantity 
bypass  transition  production  term 
autocorrelation  function 

natural  transition  production  term 
Reynolds  number 

Reynolds  number  based  on  momentum  thickness 
pitch 


D.  Sanders 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

105 

Approved  for  public  release;  distribution  unlimited. 


xv 


St 

T 


Strouhal  number 
time  interval 
time 


t 

tstep  =  time-step 

TPLC  =  total  pressure  loss  coefficient 

TLPCi„t=  integrated  total  pressure  loss  coefficient 

Tu  =  freestream  turbulence  intensity 

u  =  freestream  velocity  magnitude 

u+  =  law  of  the  wall 

u  =  mean  velocity 

u '  =  streamwise  fluctuation 

u  =  nondimensional  Reynolds  stress 

u+  =  nondimensional  velocity 

up  =  peak  velocity  deficit 

utUrb  =  friction  velocity 

v  =  Kolmogorov  velocity  scale 

W  =  relative  velocity  vector 

w  =  relative  velocity 

x  =  directional  component 

y+  =  nondimensional  wall  distance 

Zw  =  Zwiefel  blade  force  coefficient 

a  =  wave  number,  spatial  growth  rate,  absolute  flow  angle 

cct  =  turbulent  diffusivity 

fi  =  wave  number,  relative  flow  angle 

y  =  intermittency  function 

5  =  boundary  layer  thickness 

S  =  boundary  layer  displacement  thickness 

Sij  =  Kronecker  delta 

s  =  dissipation  per  unit  mass 

0  =  boundary  layer  momentum  thickness 

0  =  angle 

6sep  =  momentum  thickness  at  separtion 

D.  Sanders  xvi 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

106 

Approved  for  public  release;  distribution  unlimited. 


K 

X 

'W 

Xj 

V 

* 

p 

A 

v 

P 

T 

% 

Tw 

CO 

Q 


turbulent  scales 

dimensionless  momentum  thickness 

effective  length  scale 

Tayler  microscale 

Kolmogorov  length  scale 

complex  disturbance  stream  function 

molecular  viscosity 

turbulent  viscosity 

kinematic  viscosity 

density 

Kolmogorov  time  scale 
Reynolds  stress  tensor 
wall  shear  stress 

angular  frequency,  specific  dissipation  rate 
vorticity 


Subscripts 

0  =  total 

c  =  cylinder 

i,j  =  indices 

in  =  inlet 

L  =  laminar 

out  =  outlet 

tur  =  turbulent 


D.  Sanders 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

107 

Approved  for  public  release;  distribution  unlimited. 


xvii 


Chapter  1 .  Introduction 


CHAPTER  ONE 


1.  Introduction 

The  range  and  endurance  of  turbine-powered  aircraft  cruising  at  high  altitude  is  limited 
by  multiple  factors,  including  the  operational  efficiency  of  the  low  pressure  turbine  (LPT).  As 
aircraft  elevation  is  increased,  the  operational  Reynolds  number  decreases  due  to  the  change  in 
density.  The  Reynolds  number  for  turbomachinery  is  defined  by  the  equation 


Re  = 


pucx 


(1.1) 


where  Cx  is  the  axial  chord  length  and  U  is  the  inlet  velocity.  It  is  important  to  improve  the  low 
Reynolds  number  performance  to  achieve  increased  efficiency,  reduced  fuel  consumption, 
increased  range,  and  longer  loiter  at  high  altitudes. 


Low  Reynolds  numbers  promote  the  presence  of  laminar  and  transitional  flow  boundary 
layers  on  the  suction  surface  of  the  LPT  blades.  Also,  the  desire  to  use  high-lift  LPT  blade 
airfoil  designs  in  order  to  decrease  the  total  blade  count  thus,  reducing  weight  and  cost  of 
turbomachinery  designs.  These  high-lift  LPT  blade  airfoil  designs  promotes  the  increase  in  the 
region  of  adverse  pressure  gradients  located  on  the  aft  portion  of  the  blade  may  cause  the  laminar 
flow  boundary  layer  to  separate  from  the  surface.  Also,  the  region  of  the  boundary  layer  that 
undergoes  laminar-turbulent  boundary  layer  transition  may  increase.  Current  LPT  blades  suffer 
a  dramatic  increase  in  losses  with  decreasing  Reynolds  number,  and  this  is  usually  due  to  the 
effects  of  separation  [1],  Loss  in  efficiency  due  to  the  aerodynamic  losses  from  boundary  layer 
separation  results  in  a  loss  in  engine  efficiency,  which  reduces  the  aircraft  range  and  maximum 
altitude. 


D.  Sanders  1 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

108 

Approved  for  public  release;  distribution  unlimited. 


Chapter  1 .  Introduction 


As  a  result,  there  is  a  need  for  improved  prediction  methods  for  separation  and 
transitional  flow  using  Computational  Fluid  Dynamics  (CFD)  for  turbomachinery  designs.  With 
recent  advances  in  numerical  techniques  and  increased  computational  resources,  CFD  is  being 
widely  applied  to  further  advance  turbomachinery  designs.  Accurate  prediction  of  aerodynamic 
losses  due  to  separation  and  laminar-to-turbulent  transitional  flow  is  required  for  CFD  to 
continue  to  play  an  integral  role  in  the  design  process  particularly  for  optimization.  More 
advanced  numerical  methods  are  needed  in  order  to  properly  resolve  the  complicated  flow 
physics  associated  with  low  Reynolds  number  flows.  The  characterization  of  CFD  models  using 
experimental  measurements  is  necessary  for  further  advancement  for  both  numerical  methods 
and  physical  models.  These  CFD  models  can  be  used  to  gain  more  insight  to  the  flow  features 
that  are  difficult  to  measure.  Yet,  these  numerical  model  cannot  be  so  complex  that  they  require 
excessive  amounts  of  computing  power  and  lengthy  simulation  times  when  applied  to 
complicated  geometries  such  as  three-dimensional  multistage  rotating  turbomachinery  designs. 
The  ideal  CFD  method  is  a  balance  between  increased  fidelity  for  accurate  modeling  of 
complicated  flow  physics  associated  with  low  Reynolds  number  effects,  increased  accuracy  over 
a  wide  range  Reynolds  numbers,  and  yet  effective  enough  to  be  applied  to  complex  geometries 
without  being  too  computationally  expensive. 

The  recent  development  of  an  improved  transition  and  turbulence  model  by  Walters  and 
Leylek  [2]  appears  to  offer  the  possibility  of  improved  accuracy  for  low  Reynolds  number  LPT 
flow  predictions  using  the  Reynolds-Averaged  Navier-Stokes  (RANS)  CFD  method.  It  is  the 
purpose  of  this  dissertation  to  test  and  evaluate  CFD  models  incorporating  the  Walters  and 
Leylek  [2]  model  against  a  number  of  available  benchmark  experiments,  and  to  compare 
experiments  results  with  other  widely  used  turbulence  models.  The  emphasis  in  this  study  is  on 
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low  Reynolds  number  turbine  flows,  but  it  is  hoped  that  the  results  will  be  of  general  use  in 
expanding  the  validated  knowledge  base  for  prediction  of  transitional  flows  in  turbomachinery. 

1.1  Research  Program  Goals 

The  goals  associated  with  this  research  program  are  as  follows: 

1.  Provide  a  baseline  methodology  using  LPT  cascade  models  to  investigate  low  Reynolds 
number  aerodynamic  effects 

(a)  Understand  the  impact  of  applying  RANS  turbulence  models  to  the  prediction  of 
separation  and  transitional  flow 

(b)  Evaluate  the  prediction  capability  of  RANS  turbulence  models  within  the  Ansys®  Fluent 
CFD  software 

(i)  Choose  the  best  RANS  turbulence  model  based  on  the  criteria  of  modeling  the  correct 
aerodynamic  flow  physics  and  the  successful  prediction  of  the  aerodynamic  losses  at 
low  Reynolds  numbers 

(c)  Understand  the  influence  of  the  inlet  turbulent  boundary  conditions  on  the  prediction 
capability  using  the  chosen  turbulence  model 

2.  Apply  the  developed  methodology  to  LPT  blade  airfoils  with  different  pressure  loading 
characteristics 

(a)  Show  the  ability  to  predict  laminar  flow  separation  and  laminar-to-turbulent  transitional 
flow 

(b)  Predict  the  resulting  total  pressure  loss  from  these  aerodynamic  flow  effects 

(c)  Characterize  predictions  for  each  blade  airfoil  using  experimental  cascade  database 

3.  Demonstrate  the  ability  of  the  new  methodology  to  predict  unsteady  flowfield  of  an  advanced 
cascade  model  with  upstream  wake  generators 
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The  ability  to  predict  the  performance  of  LPT  blades  subjected  to  high  altitude  conditions 
is  important  to  turbine  engine  designers.  This  research  will  apply  a  new  methodology  based  on 
an  existing  prediction  method  that  can  effectively  predict  aerodynamic  flows  of  LPT  blade 
airfoils  at  high  altitude  conditions.  This  study  will  investigate  the  low  Reynolds  numbers  flow 
effects  associated  with  high  altitude  conditions  on  LPT  cascade  geometries.  For  accurate  CFD 
predictions,  correct  modeling  of  laminar-turbulent  boundary  layer  transition  and  flow  separation 
is  essential  to  capture  the  details  of  the  flow.  It  will  be  determined  if  the  new  methodology  is 
capable  of  providing  the  improved  prediction  of  low  Reynolds  number  effects  for  more  complex 
geometries  expected  for  future  advanced  multistage  LPT’s  for  turbine  engines.  This  research 
will  contribute  a  characterized  model  for  low  Reynolds  number  turbine  performance  prediction 
and  design  improvement. 

1.2  Low  Pressure  Turbine  Aerodynamic  Flow  Effects 

The  flows  found  within  low  pressure  turbines  are  highly  unsteady.  Each  blade  row 
generates  flow  non-uniformities  due  to  viscous  and  potential  effects  that  propagate  to  the 
adjacent  blade  rows.  Potential  effects  originate  from  unsteady  variations  in  the  pressure  field  that 
propagate  both  upstream  and  downstream.  There  are  three  types  of  viscous  effects  that  can  occur 
within  the  blade  passages.  The  boundary  layer  along  the  surface  of  the  airfoils  begins  as  laminar 
at  the  leading  edge  and  transition  to  turbulence  can  be  initiated  depending  on  the  main  flow 
conditions,  and  flow  separation  can  occur  due  to  low  Reynolds  inlet  conditions. 

Wakes  are  created  due  to  the  difference  in  the  velocity  in  the  viscous  layers  emerging 
from  the  pressure  and  suction  surfaces  at  the  blade  trailing  edge.  A  reduction  in  the  total 
pressure  occurs  due  to  the  wake  region  and  increases  the  aerodynamic  losses  within  the  blade 

row.  Boundary  layer  transition  is  affected  by  these  passing  wakes.  As  these  wakes  travel 

D.  Sanders  4 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

111 

Approved  for  public  release;  distribution  unlimited. 


Chapter  1 .  Introduction 


downstream,  the  region  on  the  blade  affected  by  the  wake  quickly  shifts  from  transitional  flow  to 
turbulent  flow  and  then  returns  to  transitional  flow  after  the  wake  has  passed  [3].  Figure  1.2 
shows  the  global  effect  of  the  stator  wake  as  it  is  distorted  by  the  downstream  rotor  and  mitigated 
across  the  blade  passage.  Because  of  the  velocity  deficit  in  the  wake,  the  inlet  flow  angle  to  the 
rotor  is  changed.  The  wake  is  sheared  and  stretched  into  a  V-shaped  segment  due  to  the  different 
velocity  field  existing  within  the  blade  passage.  The  pressure  forces  are  observed  to  be  driving 
the  low  momentum  fluid  within  the  wake  from  the  pressure  side  toward  the  suction  side  [4], 


Figure  1.1.  Illustration  of  passing  wake  behavior  across  a  rotor  blade  row  f  51 
Within  the  passage,  boundary  layers  on  the  end-walls  caused  by  the  incoming  flow 

produces  vortical  structures  called  secondary  flows.  They  are  generated  within  the  vicinity 

where  the  blade  leading  edge  and  the  end- wall  meet.  Figure  1.2  shows  the  two  types  of  vortical 

structures,  a  passage  vortex  formed  from  the  pressure  side  and  counter  vortex  formed  on  the 

suction  surface.  Both  these  vortices  can  interact  and  become  more  complex.  The  resulting  total 
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pressure  loss  from  these  secondary  flows  can  be  another  source  of  aerodynamic  loss  and  cause  a 
reduction  in  stage  efficiency. 

As  discussed  previously,  low  pressure  turbine  flows  at  low  inlet  Reynolds  numbers  are 
dominated  by  the  increase  of  the  laminar-to-turbulent  transition  region  and  laminar  flow 
separation  within  the  boundary  layer.  The  flow  physics  involved  with  these  effects  are  very 
complex.  A  complete  understanding  of  the  flow  physics  involved  in  low  Reynolds  number 
effects  is  necessary  in  order  to  formulate  accurate  numerical  models.  To  establish  the  basis  for 
the  findings  reported  in  this  dissertation,  the  following  sections  present  fundamental  topics 
involving  laminar  flow  separation,  laminar-to-turbulent  transition,  and  turbulent  flows. 


1.2.1  Laminar  Flow  Boundary  Layers 

The  following  summary  of  classical  flow  concepts  associated  with  laminar,  transitional, 
turbulent  and  separating  boundary  layers  is  provided  for  completeness,  and  to  support  the 
discussions  of  results  presented  from  the  CFD  modeling.  The  reader  familiar  with  these 
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concepts  may  wish  to  move  directly  to  Section  1.3,  CFD  Methods  of  Predicting  Low  Reynolds 
Number  Effects  in  LPT  Blades 

When  fluid  flow  moves  over  an  object  at  a  velocity  U,  the  presence  of  viscosity  causes 
the  fluid  to  adhere  to  the  surface  of  the  body.  Fluid  velocity  on  the  surface  is  zero  following  the 
accepted  assumptions  of  a  “no-slip”  boundary.  The  fluid  forms  a  boundary  layer  on  the  body 
surface  where  viscous  effects  are  significant.  The  viscous  effects  within  the  boundary  layer 
cause  a  velocity  gradient  and  the  velocity  profile  of  the  fluid  particles  found  in  the  boundary 
layer  begins  to  distort.  The  fluid  velocity  increases  with  distance  from  the  surface  of  the  body. 
The  boundary  layer  has  a  finite  thickness,  defined  as  the  distance  from  the  body  surface  at  which 
the  fluid  velocity  is  approximately  99%  of  the  freestream  velocity.  Figure  1.3(a)  shows  a  typical 
boundary  layer  profile  having  a  thickness  8. 


Figure  1.3.  Diagram  of  typical  boundary  profile  (a)  and  description  of  displacement  thickness  (b)  171 


The  structure  of  the  boundary  layer  within  the  viscous  region  is  mainly  dependent  on  the 
Reynolds  number.  The  Reynolds  number  is  defined  as  the  ratio  of  inertia  forces  to  viscous 
forces.  If  the  Reynolds  number  is  large  enough,  viscous  effects  are  only  important  in  the 
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boundary  layer.  Outside  the  boundary  layer,  the  gradients  are  relatively  small  and  the  flow 
behaves  as  if  it  were  inviscid.  The  simplest  case  is  the  development  of  the  boundary  layer  on  a 
flat  plate  as  shown  in  Figure  1.4.  The  Reynolds  number  based  on  distance  *  on  the  plate  is 
defined  as 


pUx 


(1.2) 


Figure  1 .4.  Diagram  of  laminar  and  turbulent  boundary  layer  flow  over  a  flat  plate  171 
At  the  leading  edge,  the  plate  is  assumed  to  have  a  negligible  effect  on  the  fluid  flow 

ahead  of  it.  A  laminar  flow  boundary  layer  forms  starting  at  the  plate  leading  edge..  Laminar 
flow  is  defined  as  the  type  of  flow  in  which  fluid  particles  move  along  a  well  defined  path  or 
streamline.  These  streamlines  are  well  defined  and  the  fluid  particles  move  in  adjacent  layers 
gliding  smoothly  over  each  other.  The  shear  stress,  tw,  in  a  laminar  fluid  is  defined  as 

dU 

rw=]U—  (1-3) 

on 

where  |Li  is  the  laminar  coefficient  for  viscosity  which  depends  on  the  composition  of  the  fluid 
and  n  is  the  direction  normal  to  the  direction  of  the  shear  stress.  The  relation  is  defined  as 
Stokes  ’  law  and  fluids  that  obey  this  law  are  defined  as  Newtonian. 
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In  general  for  a  flow  past  objects  other  than  a  flat  plate  the  pressure  gradient  within  the 
freestream  is  not  uniform.  The  pressure  gradient  will  vary  depended  on  the  shape  of  the  body. 
The  component  of  the  pressure  gradient  in  the  streamwise  direction  is  variable,  although  normal 
to  the  flow  the  pressure  gradient  is  assumed  negligibly  small.  The  characteristics  of  the  flow  are 
highly  dependent  on  the  pressure  gradient  effects  found  within  the  boundary  layer. 


Figure  1.5.  Inviscid  flow  past  a  cylinder  (al  pressure  distribution 

(b)  and  freestream  velocity  (c)  on  the  cylinder  surface  T71 


For  example,  for  a  flow  at  inlet  velocity  U  and  static  pressure  P  past  a  circular  cylinder  of 
diameter  D,  if  the  flow  were  inviscid,  the  Reynolds  number  would  be  infinite.  The  streamlines 
would  be  symmetrical  as  shown  in  Figure  1.5(a).  The  velocity  and  static  pressure  variation 
would  be  as  shown  in  Figure  1.5(b)  and  Figure  1.5(c)  and  described  with  the  following  equations 
based  on  the  potential  flow  method 
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Pc=P  +  ^pU2( l-4sin26>)  (1.4) 

Uc  =2Usm(0)  (1.5) 

The  pressure  is  a  maximum  at  the  stagnation  point  at  front  and  back  of  the  cylinder.  The 
maximum  freestream  velocity,  Uc,  would  be  at  the  top  and  bottom  of  the  cylinder.  Figure  1.5 
shows  from  6  =  0  to  6-  90°  the  pressure  decreases  in  the  direction  of  the  flow  along  front  half  of 
the  cylinder  and  is  called  favorable  pressure  gradient.  At  the  rear  half  of  the  cylinder,  the 
pressure  increases  in  the  direction  of  the  flow,  producing  an  adverse  pressure  gradient.  There  is 
exchange  between  kinetic  and  potential  energy,  but  there  are  no  energy  losses. 

Considering  viscous  effects,  the  fluid  within  the  boundary  layer  experiences  a  loss  in 
energy  as  it  flows  along  the  cylinder  surface.  This  loss  of  energy  means  the  fluid  particle  does 
not  have  enough  energy  to  travel  from  the  front  to  the  rear  of  cylinder  as  the  inviscid  case.  The 
fluids  flows  against  the  adverse  pressure  gradient  as  far  as  it  can  until  the  boundary  layer 
separates  from  the  cylinder  surface.  At  the  separation  point,  the  velocity  gradient  and  shear 
stress,  r,  at  the  wall  are  zero.  From  applying  the  momentum  equation  at  the  wall,  where  u  =v  =0: 


dr 

dy 


d2u 


wall 


dy2 


=  ~pU 


wall 


dU  dP 
dx  dx 


(1.6) 


8\i  _dP_ 
dy 2  B  dx 


(1.7) 


the  second  derivative  of  the  velocity  is  positive  at  the  wall  in  an  adverse  gradient  and  yet  must  be 
negative  at  the  outer  boundary  layer  (y=S)  to  merge  with  the  mainstream  flow,  U(x).  The  second 
derivative  must  pass,  a  point  of  inflection  (PI)  for  any  boundary  layer  undergoing  an  adverse 

pressure  gradient.  Figure  1.6  shows  the  effect  of  pressure  gradients  on  the  boundary  layer 

D.  Sanders  10 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

117 

Approved  for  public  release;  distribution  unlimited. 


Chapter  1 .  Introduction 


profile.  In  the  favorable  pressure  gradient  (Fig  1.6(a)),  the  boundary  layer  velocity  profile  is 
smooth  with  no  point  of  inflection,  so  there  cannot  be  any  separation.  Laminar  profiles  of  this 
type  will  be  resistant  to  transition  to  turbulence.  In  a  zero  pressure  gradient  flow  (Fig  1.6(b)),  the 
point  of  inflection  is  at  the  wall  with  no  separation  and  the  flow  will  eventually  transition  to 
turbulent.  As  the  strength  of  the  adverse  pressure  gradient  increases  (Fig  1.6(c)),  the  point  of 
inflection  will  be  located  within  the  boundary  layer  and  it  will  increase  its  distance  from  the  wall. 
Figure  1.6(d)  shows  the  critical  situation  where  shear  stress  is  exactly  zero  (  zw  =  0 ),  and  is 
defined  as  the  separation  point.  A  increase  in  the  adverse  pressure  gradient  will  cause  backflow 
as  in  Figure  1.6(e). 


One  widely  used  numerical  method  for  the  estimation  of  growth  of  laminar  flow 
boundary  layers  subjected  to  pressure  gradients  is  Thwaites  integral  momentum  method.  It  starts 
by  taking  the  two-dimensional  boundary  layer  integral  relation  for  variable  U(x)  given  as 
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»+(2  +  H)®i^ 

pU2  2  2  dx  U  dx 


(1.8) 


where  H(x)  =  S*(x)/@(x)  is  the  ratio  of  displacement  thickness  to  momentum  thickness,  of  the 
shape  factor.  The  shape  factor  is  a  good  indicator  of  the  pressure  gradient,  the  higher  the  H(x) 
the  stronger  the  adverse  pressure  gradient,  and  laminar  flow  separation  occurs  approximately  at 
H  &  3.5.  Thwaites  determined  that  the  Eq.  (1.10)  can  be  correlated  by  using  the  dimensionless 
momentum-thickness  variable,  X,  and  is  defined  as 


02  dU 
v  dx 


Thwaites  was  able  to  integrate  Eq.  (1.10)  in  closed  form  with  the  result 


02  =0Q 


fTJ 

zJL 
KU  j 


+ 


0A5v 
U6  Jo 


r  U5dx 

Jo 


(1.9) 


(UO) 


where  &o  is  the  momentum  thickness  at  x  =  0.  Separation  was  found  to  occur  at  X  =  -0.09.  The 
non-dimensional  shear  stress,  S  =  Tw0/(pU),  was  also  correlated  with  X  as  follows 


■sW 


r  0 

‘hi'-' 

pU 


(/L  +  0.09)0'62 


(1.11) 


Thwaites  method  is  mainly  used  to  make  qualitative  assessment  of  the  boundary  layer  behavior. 
The  range  of  accuracy  is  generally  less  than  10%  for  favorable  pressure  gradients,  but  about  20- 
30%  in  strong  adverse  pressure  gradients  [9]. 


1.2.2  Transitional  Flow  Boundary  Layers 

The  flat  plate  example  in  Figure  1 .4  shows  a  region  where  instabilities  within  the  laminar 
flow  boundary  layer  grow  and  become  turbulent.  The  understanding  of  the  origins  of  turbulent 
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flow  and  transition  from  laminar  to  turbulent  flow  are  one  of  the  most  important  unsolved 
problems  in  the  field  fluid  mechanics. 

Transition  occurs  in  the  boundary  layer  for  external  flows  due  to  the  disturbances  in  the 
freestream,  such  as  vorticity  or  acoustic  effects,  which  enter  the  boundary  layer  as  steady  and/or 
unsteady  fluctuations  of  the  basic  state.  This  process  is  known  as  receptivity  and  it  provides  the 
initial  conditions  of  amplitude,  frequency,  and  phase  for  the  breakdown  of  laminar  flow. 
Receptivity  may  be  initially  too  small  to  measure  and  is  observed  only  after  the  onset  of  the 
instability  [10].  A  variety  of  different  types  of  instabilities  can  occur  either  independently  or 
coupled,  and  the  type  instability  depends  on  the  Reynolds  number,  wall  curvature,  roughness, 
and  initial  conditions. 

Linear  stability  theory  is  used  to  describe  initial  growth  of  these  disturbances.  For 
example  for  flow  over  a  flat  plate,  the  basic  state  is  assumed  to  be  parallel  flow  where  u  =  u(y). 
Two-dimensional  instabilities  are  superimposed  on  the  Navier-Stokes  equations  (Eq.  1.37)  which 
are  linearized  assuming  a  normal  mode  of  the  instability  stated  as 

q'(x,  y,  t )  =  g(y)exp  i(ax —cot)+  C.C.  ( 1 . 1 2) 

where  C.C.  is  the  complex  conjugate,  and  q  represents  the  instability  quantity  such  as  pressure 
or  a  velocity  component.  The  Orr-Sommerfield  equation  describes  the  spatially  varying 
instabilities  as 

(d2  -a2f  <p-iR 

a  =  ar+iai  (1.14) 


aJL_  J(D2 
u„  r 


-  a 


'V- 


aDz 


U 
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oo  J 


(1.13) 
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where  D  =  d/dy,  (p  is  the  complex  disturbance  stream  function,  to  is  the  angular  frequency,  -a,  is 
the  spatial  growth  rate,  and  c  =  co/ar  is  the  phase  speed.  The  eigenvalues  for  Eq.  (1.15)  are 
found  by  looking  at  a  =  a(Re,  F),  where  F  is  the  nondimensional  frequency  defined  as 


F  = 


U2 


(1.15) 


The  collection  of  points  which  a,( Re,  F)=  0  is  called  the  neutral  stability  curve  shown  in  Figure 
1.7.  For  a  given  frequency  in  the  boundary  layer,  there  can  be  two  values  of  the  Reynolds 
number.  In  the  region  between  the  two  Reynolds  numbers  the  flow  is  unstable.  Transition 
depends  on  the  measure  of  growth  between  the  higher  and  lower  Reynolds  numbers.  The 
Reynolds  number  defined  where  the  flow  is  stable  for  all  frequencies  is  called  the  minimum 
critical  Reynolds  number,  Recrit. 
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In  the  boundary  layer  of  a  flat  plate,  Reynolds  number  varies  along  the  plate  and  a 
disturbance  at  a  given  frequency,  F,  is  called  a  Tollmien-Schlichting  (T-S)  wave.  At  certain 
conditions  this  wave  is  amplified  and  three-dimensional  nonlinear  interactions  occur,  referred  to 
as  secondary  instabilities.  These  disturbances  grow  rapidly  and  turbulent  spots  eventually  form 
where  the  boundary  layer  alternates  between  laminar  and  turbulent  flow  states.  The  formation  of 
turbulent  spots  occurs  at  different  locations  and  the  spots  merge  to  form  fully  developed 
turbulence.  This  entire  process  from  laminar  flow  to  transition  to  turbulence  through  the 
generation  of  T-S  waves  is  classified  as  “natural”  transition. 

In  some  instances,  boundary  layer  transition  occurs  in  flows  that  are  laminar  and  stable 
and  do  not  follow  the  natural  path  of  transition.  This  is  known  as  “bypass”  transition,  where  the 
formulation  and  amplification  of  T-S  waves  are  bypassed  due  to  the  presence  of  forced 
disturbances  of  sufficient  amplitude.  This  disturbance  can  be  caused  by  either  higher  freestream 
turbulence  or  surface  roughness.  The  formation  of  turbulence  spots  is  the  first  indication  of 
transition.  This  process  reduces  the  distance  of  unstable  laminar  flow  significantly  and  promotes 
earlier  transition.  Under  certain  conditions,  the  laminar  boundary  layer  may  separate  from  the 
surface  of  the  body.  Rapid  transition  occurs  within  the  separated  shear  layer,  providing  that  the 
Reynolds  number  is  not  too  low  or  the  adverse  pressure  gradient  too  large.  The  turbulent  layer 
will  reattach  to  the  surface  and  form  a  closed  region  of  the  flow  called  a  separation  bubble.  The 
region  beneath  the  separated  shear  layer  has  very  low  shear  stress  and  approximately  constant 
static  pressure.  Figure  1.9  illustrates  the  three  processes  by  which  transition  to  turbulence  is 
known  to  occur. 
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1.2.3  Turbulent  Flow  Characteristics 

As  the  Reynolds  number  increases  the  fluid  inertia  overcomes  the  viscous  stresses,  and 
the  laminar  motion  becomes  unstable.  The  fluid  goes  through  transitional  flow  regions  as 
described  previously.  The  pressure  and  velocity  fluctuations  become  very  rapid  and  the  fluid 
motion  becomes  inherently  three-dimensional  and  unsteady,  which  is  described  as  turbulence. 
The  flow  in  turbulence  is  a  mixture  of  intertwined  eddies  or  swirls  of  different  sizes.  There  is  a 

large  amount  of  mixing  involved  with  these  finite-sized  eddies  compared  to  laminar  flow.  The 
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three-dimensional  eddy  structure  greatly  promotes  mixing  within  the  fluid  while  the  mixing  is 
confined  to  the  molecular  scale  for  laminar  flow.  Fluctuating  eddies  within  the  turbulence  exists 
over  a  large  number  of  wavelengths  due  to  the  physical  process  of  vortex  stretching.  The 
turbulence  gains  energy  if  the  vortex  elements  are  primarily  oriented  in  a  direction  such  that  they 
can  be  stretched  by  the  velocity  gradients.  This  stretching  of  the  vortex  elements  maintains  the 
fluctuating  vorticity  and  keeps  the  flow  three-dimensional. 

Flow  properties  in  turbulence  can  be  described  in  terms  of  their  mean  properties  and  the 
fluctuating  components.  For  example,  instantaneous  velocity  in  the  x-direction,  u  =  u(x,y,z,t), 
and  the  time  mean  is  described  as 


1 


u  =  — 


T 


[  u(x,y,z,t)dt 
% 


(1.16) 


where  T  is  the  time  interval,  which  is  longer  than  the  period  of  fluctuations  but  shorter  than 
unsteadiness  of  the  average  velocity.  The  fluctuating  part  is  of  velocity  is,  u' ,  is  related  to  the 
mean  velocity  value  by 

u=u+u  (1.17) 

The  fluctuations  are  equally  distributed  on  either  side  of  the  average  so  the  square  of  the 
fluctuation  quantity,  (u'f .  The  fluctuations  within  turbulent  flow  can  occur  temporally  or 
spatially.  Typically,  turbulent  flows  are  described  as  stationary  and  homogenous  if  the  mean 
flow  does  not  vary  over  time  and  is  spatially  uniform  in  all  directions.  The  Reynolds  stress 

components  u'2 ,  v'2 ,  and  w'2  or  the  root-mean  squared  fluctuations  are  a  measurement  of  the 
intensity  of  the  turbulent  fluctuations.  The  Reynolds  stress  is  typically  normalized  relative  to  the 
mean  flow  velocity  using  the  equation 
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MV  W 


these  definitions  are  known  as  the  relative  turbulent  intensities.  When  these  relative  intensities 
are  approximately  equal,  the  turbulence  is  referred  as  isotropic. 

Another  important  turbulence  parameter  is  the  period  of  fluctuations  or  time  scale.  This 
is  determined  by  investigating  the  relative  size  of  the  turbulent  eddies.  The  largest  eddies  carry 
most  of  the  energy  and  enhance  the  transfer  of  mass,  momentum,  and  energy.  The  range  of 
eddies  overlap  in  space,  as  larger  eddies  carry  smaller  eddies.  Turbulence  incorporates  an  energy 
cascade  process  where  kinetic  energy  is  transferred  from  larger  eddies  to  smaller  eddies.  The 
smallest  eddies  dissipate  the  kinetic  energy  through  viscous  shear  into  heat. 

Kolmogorov’s  universal  equilibrium  theory  states  that  the  smaller  eddies  should  be  in  a 
state  where  the  rate  of  receiving  energy  from  the  larger  eddies  is  equal  to  the  rate  which  the 
smallest  eddies  dissipate  the  energy  to  heat.  The  type  of  energy  being  transferred  is  the  called 
turbulent  kinetic  energy,  k  (energy  per  unit  mass)  through  the  cascade  process.  The  Reynolds 
stress  and  the  turbulence  intensity  (measured  in  percent)  are  related  to  the  turbulent  kinetic 
energy  using  the  equations 

k  =  ^I  +  v^  +  Wi)  (1.19) 

Tu  =  100^=^  =  100,/-^  (1.20) 

u  V  3  u 
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The  motion  at  the  smallest  scales  should  depend  upon  the  rate  at  which  the  larger  eddies  supply 
the  energy,  s  =  -dk/ dt ,  and  the  kinematic  viscosity,  v.  The  Kolmogorov  scales  of  length  (//), 
time  (r),  and  velocity  (v)  scales  are  depended  on  the  dissipation  rate,  s,  and  given  as 

rj  =  {y3/sy  r  =  {yj  sf2  v  =  (vsfA  (1.21) 

Like  light,  turbulent  eddies  have  a  range  of  energies  at  different  wave  numbers  ( k )  or 
wavelengths  (A  =  2ti/k).  Using  the  Fourier  transform,  the  turbulent  kinetic  energy  can  be 
described  as 


J»oo 

E(K)dK 

0 


(1.22) 


where  E(  k)  is  the  energy  spectrum  density.  The  spectral  representation  of  turbulence  for  the 
large  energy-containing  eddies  is  defined  as  the  integral  length  scale  ( lm ).  The  integral  length 
scale  is  computed  by  taking  the  autocorrelation  of  the  measurement  of  the  velocity  fluctuations 
using  the  equation 


91,  = 


u(t)u(t  +  r) 


u2(t) 


(1.23) 


This  autocorrelation  function  is  integrated  from  the  origin  to  the  first  zero  crossing  resulting  in 
an  integral  time  scale.  The  integral  length  scale  is  obtained  by  multiplying  the  integral  time  scale 
by  the  freestream  velocity  using  Taylor’s  frozen  turbulence  assumption  [11].  The  Taylor 
microscale,  At,  is  derived  from  using  the  slope  and  curvature  of  autocorrelation  function,  /,  at  the 
origin  with  the  equation 


Aj 


-2 

¥7JsE)Z 


(1.24) 
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When  the  turbulence  is  homogenous  and  isotropic,  the  analysis  of  Taylor  shows  that  the 
turbulent  kinetic  energy  ( k )  and  dissipation  rate  (s)  is  related  to  the  Taylor  microscale  with  the 
equation 


dk  10 vk 
dt  V 


(1.25) 


Using  this  relationship  and  Eq.  (1.23),  the  Kolmogorov  length  scale  (r|)  can  be  put  in  terms  of 
the  Taylor  microscale  (Af)  as 


(v£ 

(lot)1'4 


Experimental  measurements  [11]  indicate  that 


e*  0.09— 

L 


(1.26) 


(1.27) 


Using  this  correlation,  the  definition  of  the  Kolmogorov  length  scale  (Eq.  1.23),  and  combining 
Eq.  (1.27)  and  Eq.  (1.29)  yields 


AT 


fi  Y/3 

U ) 


(1.28) 


Typically  the  Taylor  microscale  is  estimated  to  be  at  least  70  times  the  Kolmogorov  length  scale. 
It  involves  a  quantity  characteristic  of  small,  dissipating  eddies  as  well  as  large,  energy- 
containing  eddies.  It  typically  cannot  be  used  to  characterize  either  the  large  or  small  eddies. 
Kolmogorov  hypothesized  that  for  a  very  large  Reynolds  number  there  is  a  range  of  eddy  sizes 
between  the  largest  and  smallest  scale  for  which  the  cascade  process  is  independent  of  the 
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statistics  of  the  energy-  containing  eddies  and  the  effects  of  viscosity.  He  concluded  that  E(k) 
depends  upon  k  and  s  only  and  described  with  the  equation 

E(k)  =  Cr£-2/V5/3 ,  —  «  k  «  -  (1 .29) 

L  v 


where  CK  is  the  Kolmogorov  constant.  Figure  1.10  shows  the  typical  energy  spectrum  for 


turbulent  flow.  The  Taylor  microscale  of  turbulence  is  found  within  the  inertial  sub-range  of  the 
energy  spectrum. 


Figure  1.9.  Energy  spectrum  for  a  turbulent  low  in  log-log  scales  Till 


These  ranges  of  length  scales  are  randomly  transported  within  the  flow  resulting  in  a 


relatively  large  shearing  force.  The  shear  stress  in  turbulent  flow  is  described  with  the  following 
equation 


du 

T  =  Tlam  +  Tturb  =  M- - PU  V 

dy 


(1.30) 
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When  the  flow  is  laminar,  u'v'  =  0.  The  turbulent  shear  stress  {- pu'v' )  is  positive  hence  the 
stress  is  greater  in  laminar  flow  than  turbulent  flow.  The  process  of  the  transfer  of  momentum 
and  other  quantities  in  turbulence  is  sufficiently  similar  mathematically  to  the  molecular  process 
to  suggest  that  an  eddy  or  turbulent  viscosity  can  be  defined  where: 

du 

^ turb  —  Fturb  (1.31) 

The  eddy  viscosity  is  a  function  of  the  fluid  properties  and  flow  conditions  and  is  not  easily 
determined.  The  sum  of  the  eddy  viscosity  and  fluid  viscosity,  called  the  effective  viscosity,  is 
sometimes  400  times  larger  than  the  fluid  viscosity.  The  reason  for  the  difference  is  the 
characteristic  length  for  turbulent  flow  is  the  size  of  the  eddies  rather  than  the  mean  free  path  of 
molecules  as  in  laminar  flow.  The  strong  diffusiveness  helps  turbulent  flow  withstand  much 
stronger  adverse  pressure  gradients  than  laminar  flow  without  separating. 


1.2.4  Turbulent  Flow  Boundary  Layers 

The  turbulent  boundary  layer  can  be  treated  as  a  composite  layer  consisting  of  an  inner 
and  outer  region.  The  inner  region  of  the  turbulent  boundary  layer  is  much  smaller  than  the  outer 
region.  The  mean  velocity  distribution  in  the  inner  region  is  determined  by  the  wall  shear  stress, 
density,  viscosity,  and  distance  from  the  wall  by  an  expression  known  as  the  law  of  the  wall. 


+ 


u 


(1.32) 


where  uturb  -  (rw/ pf2  is  the  friction  velocity.  The  parameter  y+  is  the  Reynolds  number  based  on 

turbulent  length  scale  ( y+  =  yulurb/v ).  The  inner  region  can  be  divided  into  three  layers 

identified  as  the  viscous  sublayer,  the  transitional  region,  and  the  fully  turbulent  region.  In  the 

D.  Sanders  22 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

129 

Approved  for  public  release;  distribution  unlimited. 


Chapter  1 .  Introduction 


viscous  sublayer,  stress  is  mainly  viscous  since  the  turbulent  fluctuations  become  zero  at  the 
wall.  This  region  is  non-uniform  in  time  and  distance  along  the  wall.  The  effect  of  viscosity 
decreases  as  distance  from  the  wall  is  increased.  Ultimately,  the  region  is  reached  where  the 
flow  is  completely  turbulent.  The  transition  region,  viscous  and  turbulent  stresses  are  of  similar 
magnitude.  The  size  of  the  viscous  and  transition  region  is  quite  small  compared  to  the  overall 
turbulent  region. 


The  outer  region  encompasses  80-90%  of  the  boundary  layer  thickness.  According  to 
experiments  [12],  the  mean  velocity  distribution  in  the  outer  region  can  be  described  by  the 
following  expression  called  the  velocity  deficit  law. 


(ue  -  u) 


f 


1 turb 


(1.33) 


This  is  not  valid  close  to  the  wall  and  depends  on  the  Reynolds  number  ( Suturb/v )  and  ratio  y/S . 
As  y— >5  the  function  goes  to  zero.  Although  the  behavior  of  turbulent  flow  in  the  inner  and 
outer  regions  is  quite  different,  the  regions  are  coupled  by  the  shear  stress-profile  and  the  general 
diffusivity  of  turbulence. 

The  phenomena  of  laminar  and  turbulent  flow,  transition,  separation  and  reattachment  are 
evident  in  the  flows  modeled  in  this  investigation,  and  the  related  flow  theory  provides  the  basis 
for  the  interpretation  of  the  CFD  predictions.  Thus,  the  above  review  of  fundamental  boundary 
layer,  transition  and  turbulence  concepts  has  been  provided  as  an  introduction  to  the  CFD 
modeling  results  to  be  described. 
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1.3  CFD  Methods  of  Predicting  Low  Reynolds  Number  Effects  in  LPT  Blades 

The  development  of  high  speed  digital  computers  has  had  a  large  impact  on  the  way  fluid 
mechanics  and  heat  transfer  is  applied  to  design  problems  in  modern  engineering  practice. 
Computational  Fluid  Dynamics  (CFD)  has  been  a  well  known  methodology  for  solving  complex 
problems  of  fluid  mechanics  and  heat  transfer.  In  CFD,  the  Navier-Stokes  partial  differential 
equations  for  fluid  flow  are  solved  numerically  using  finite  difference  methods.  The  beginning 
of  modern  numerical  analysis  is  sometimes  attributed  to  a  famous  paper  by  Courant,  Friedrichs, 
and  Lewy  in  1928.  The  acronym  CFL,  frequently  used  in  the  CFD  literature  stands  for  the  last 
names  of  these  authors.  In  the  paper,  uniqueness  and  existence  questions  were  addressed  for  the 
numerical  solutions  of  partial  differential  equations  [13]. 

Numerical  modeling  of  turbulent  flows  using  CFD  has  been  a  challenge  due  to  the 
inherent  randomness,  three-dimensionally,  and  time  dependence  associated  with  turbulent  flows. 
An  enormous  amount  of  information  is  required  to  completely  describe  a  turbulent  flow  problem. 
The  largest  turbulent  eddies  can  in  some  cases  be  as  large  as  the  width  of  the  flow  and  are 
directly  affected  by  the  boundary  geometry.  There  is  a  large  range  of  time  scales  and  length 
scales  that  need  to  be  resolved. 

There  are  three  primary  types  of  CFD  methods  used  for  modeling  of  turbulent  flows. 

These  methods  are  direct  numerical  simulations,  large  eddy  simulations,  and  Reynolds-Averaged 

Navier-Stokes  equations.  The  suitability  of  a  particular  method  for  a  particular  flow  problem 

depends  on  several  factors  including  computational  cost,  ease  of  use,  range  of  applicability,  and 

accuracy.  It  is  the  decision  of  the  user  based  on  these  factors  to  judge  whether  a  particular 

method  would  be  suitable  for  the  turbulent  flow  problem  of  interest.  For  this  particular  study, 

there  is  special  interest  in  the  accurate  prediction  of  aerodynamic  losses  of  boundary  layers 
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undergoing  turbulent  transition  and  separation  in  turbomachinery  geometries.  The  next  sections 
will  discuss  the  CFD  methods  of  direct  numerical  simulations  (DNS),  large  eddy  simulations 
(LES),  and  Reynolds-Averaged  Navier-Stokes  (RANS)  in  greater  detail  including  the  advantages 
and  disadvantages  of  each  method.  Also,  a  literature  review  of  several  studies  will  be  presented 
where  DNS,  LES,  and  RANS  CFD  methods  have  been  applied  to  LPT  flows  for  the  prediction  of 
separated  and  transitional  flow  and  compared  to  experimental  cascade  results. 

1.3.1  Direct  Numerical  Simulation  CFD  Method 

Advances  in  computing  and  storage  capacity  of  high  performance  computing  systems 
have  made  possible  computations  using  direct  numerical  simulations.  DNS  uses  the  finite 
difference  form  of  the  three-dimensional  imcompressible  Navier-Stokes  and  continuity  equations 
stated  below. 
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(1.35) 


No  turbulence  modeling  is  required  as  in  other  numerical  schemes,  as  DNS  can  directly  resolve 
the  whole  spectrum  of  turbulent  eddy  scales.  The  value  of  DNS  is  obvious  in  that  it  can  be  used 
to  understand  the  turbulent  structures  and  processes  for  a  given  flow  problem.  It  can  also  be 
viewed  as  an  additional  source  of  experimental  data.  It  allows  for  detailed  analysis  of  the 
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complex  flow  physics  involved  when  separation  and  transition  exist,  which  cannot  be  measured 
using  current  experimental  methods.  These  results  can  be  obtained  only  if  the  DNS  simulation 
has  high  numerical  accuracy  and  correct  boundary  and  initial  conditions.  However,  the 
computational  cost  required  for  DNS  computations  is  proportional  to  Ref",  where  Re,  =  kl/2l„/v  , 
known  as  the  turbulent  Reynolds  number.  The  number  of  grid  points  has  to  be  high  enough  to  be 
able  to  resolve  the  smallest  eddy.  Similarly,  the  time-step  in  the  computation  should  be  the  same 
order  as  the  Kolmogorov  time  scale,  r  (Eq.  (1.23)).  Therefore  DNS  is  rarely  employed  for 
simulations  involving  three-dimensional  rotating  turbomachinery  due  to  the  high  computational 
cost  even  at  low  Reynolds  numbers. 

Several  studies  have  been  done  where  computations  based  on  DNS  were  successfully 
applied  to  low  Reynolds  number  flows  [14-27]  in  stationary  LPT  cascade  geometries.  Enomoto 
et  al.  [14]  applied  DNS  to  the  Pack-B  turbine  blade  airfoil  at  a  Reynolds  number  of  43,000  and 
compared  the  results  to  the  experimental  measurements  of  Lake  [18].  The  blade  loading  and 
total  pressure  loss  coefficient  showed  a  reasonable  comparison  with  experimental  results.  It  was 
demonstrated  that  the  flowfield  is  dominated  by  relatively  large  eddies  near  the  blade  surface  and 
that  DNS  can  be  used  to  simulate  low  Reynolds  number  flowfields  relatively  well.  Singh  et  al. 
[15]  simulated  flow  with  Reynolds  numbers  of  10,000  and  25,000  on  the  Pack-B  blade  airfoil 
using  two  different  boundary  conditions,  a  static  inflow  boundary  condition  with  extrapolated 
outflow,  and  dynamic  inflow  boundary  condition  which  accounted  for  the  upstream  influence  in 
subsonic  flow.  Results  using  the  static  inflow  boundary  condition  showed  that  the  laminar 
boundary  layer  on  the  suction  surface  becomes  separated  and  forms  two-dimensional  clockwise 
vortices,  which  then  become  three-dimensional  as  they  convect  downstream  to  the  trailing  edge 
due  to  span  wise  instabilities.  The  location  of  the  onset  of  separation  compared  well  to 
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experimental  measurements.  They  observed  different  behavior  at  the  Reynolds  number  of 
25,000  using  the  dynamic  inflow  boundary  conditions,  where  separation  was  found  to  be  smaller 
when  compared  to  the  results  from  static  boundary  condition  specification  [15]. 

DNS  simulations  were  advanced  further  by  Rizzetta  and  Visbal  [16,17]  by  modeling 
active  flow  control  using  vortex  generating  jets  and  plasma-based  flow  control  to  reduce 
separation  and  total  pressure  loss.  It  was  reported  that  pulsed  vortex  generating  jets  helped  to 
maintain  the  boundary  layer  attached  for  an  additional  distance  of  19-21%  along  the  blade  with  a 
53-56%  decrease  in  total  pressure  loss  [16].  Plasma  based  flow  control  using  dielectric  barrier 
discharge  actuators  were  simulated  at  an  inlet  Reynolds  number  of  25,000  [17].  Counter-flow 
plasma  injection  was  found  to  provide  the  most  effective  control,  producing  vortices  that 
enhanced  mixing  and  brought  higher  momentum  fluid  to  the  boundary  layer  causing  the  flow  to 
remain  attached  to  the  blade  suction  surface  all  the  way  to  the  trailing  edge. 

1.3.2.  Large  Eddy  Simulation  CFD  Method 

An  alternative  to  the  DNS  method  is  large  eddy  simulation  (LES).  It  enables  the  use  of 
coarser  meshes  and  larger  time-steps  with  less  computational  cost  than  required  by  DNS.  The 
governing  equations  in  LES  are  obtained  by  filtering  the  unsteady  Navier-Stokes  equations  using 
Fourier,  Gaussian,  or  other  filters.  The  filtering  process  separates  the  eddies  whose  scales  are 
smaller  than  the  grid  spacing  from  the  resolvable  scaled  eddies.  The  subgrid  scale  eddies  are 
modeled  because  they  are  nearly  isotropic  and  have  universal  characteristics.  Some  of  the  types 
of  subgrid-scale  models  (SGS)  are  the  Smagorinsky  SGS  model  and  Dynamic  SGS  model. 
Because  the  large  scale  eddy  unsteady  motions  are  resolved  explicitly,  LES  can  be  more  accurate 
than  most  RANS  solvers,  especially  for  flows  over  bluff  bodies  with  unsteady  separation  and 

vortex  shedding.  The  dynamics  of  these  large  scale  eddy  motions  are  computationally  expensive 
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to  model.  Since  the  small  scale  eddy  motions  are  described  using  simple  models,  LES  has  less 
computational  expense  than  DNS.  Nearly  all  the  computation  effort  in  DNS  is  used  in  resolving 
the  smallest  eddy  dissipation.  For  boundary  layer  flows  with  isotropic  turbulence,  LES  typically 
provides  enough  frequency  modes  to  resolve  80%  of  the  eddy  energy  spectrum  even  at  high 
Reynolds  numbers  [12].  The  grid  resolution  requirements  are  still  high  for  boundary  layer  flows 
because  the  size  of  the  near  wall  eddies  within  the  boundary  layer  are  relatively  small.  The 
boundary  layer  grid  resolution  increases  with  RetL8.  Thus  LES  has  been  successfully  applied  to 
boundary  layer  flows  at  low  and  moderate  Reynolds  numbers.  At  high  Reynolds  numbers,  LES 
is  currently  computationally  expensive  for  flows  involving  aircraft  wings  and  complex 
geometries  such  as  rotating  turbomachinery  but  it  can  be  used  to  help  improve  engineering 
models  of  turbulence. 

LES  has  emerged  as  a  viable  means  for  the  investigation  of  transitional  and  separated 
flow  associated  with  low  Reynolds  numbers  in  low  pressure  turbine  cascade  geometries  [19-21], 
Mittal  et  al.  [19]  simulated  a  cascade  configuration  at  Reynolds  numbers  of  10,000  and  25,000 
and  found  that  the  dynamics  of  the  separation  phenomenon  on  the  suction  surface  are  dominated 
by  Karman  vortex  shedding  and  cannot  occur  without  vortices  shed  from  the  pressure  side. 
Accurate  representation  of  the  pressure  side  boundary  layer  is  required  to  capture  the  separation 
dynamics  on  the  suction  side.  Revady  et  al.  [20]  demonstrated  the  ability  to  successfully  predict 
transition  and  identified  a  coupling  between  the  separation  bubble  and  the  vortex  shedding 
generated  by  the  trailing  edge.  The  effect  of  passing  wakes  on  LPT  blade  airfoil  surfaces  was 
investigated  using  LES  by  Sarkar  and  Voke  [21].  They  observed  that  vortices  form  over  the  rear 
half  on  the  suction  surface  by  the  rollup  of  the  shear  layer  as  wakes  pass  over  the  separation 
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region.  Large  pressure  fluctuations  were  measured  on  the  suction  surface  due  to  the  wake 
passing  and  showed  good  agreement  with  experimental  results  and  a  similar  DNS  simulation. 


1.3.3.  Reynolds  Averaged  Navier -Stokes  ( RANS )  CFD  Method 

The  most  widely  adopted  CFD  method  used  for  practical  engineering  applications  is  the 
Reynolds  Averaged  Navier-Stokes  (RANS)  equations.  All  flow  quantities  are  expressed  as  the 
sum  of  mean  and  fluctuating  parts,  where  the  whole  range  of  turbulent  scales  is  being  modeled. 
Reynolds  averaging  assumes  a  variety  of  forms  involving  either  an  integral  or  summation.  Time 
averaging  is  the  most  appropriate  forms  of  Reynolds  averaging  because  most  engineering 
problems  involve  inhomogeneous  turbulence.  The  RANS  equations  are  developed  from  the 
time-averaging  of  the  Navier-Stokes  equations  and  are  given  as 
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(1.36) 


where  Sy  is  the  mean-strain  rate  tensor.  Also  note  the  appearance  of  the  term  «;  u)  in  the  RANS 

equation.  The  RANS  equations  are  solved  for  the  mean  fluid  properties.  In  order  to  compute  the 
velocity  field  for  turbulent  flow,  the  term  mJm)  must  be  defined.  This  term  is  the  Reynolds  stress 

tensor  and  is  defined  as 

Tij  =-pu’ln’j  (1.37) 


The  Reynolds  stress  is  a  symmetric  tensor  where  t =  r/7 .  For  general  three-dimensional  flows, 

the  four  unknowns  of  pressure  and  the  three  components  of  the  velocity  need  to  be  solved  along 
with  the  six  Reynolds  stresses  as  a  result  of  the  Reynolds  averaging.  The  pressure  and  velocity 
components  can  be  resolved  from  the  Reynolds  averaged  continuity  and  RANS  equations.  An 

expression  for  the  Reynolds  stress  is  required  to  obtain  a  closed  form  solution.  A  turbulence 
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model  or  directly  modeled  Reynolds  stress  transport  equation  is  used  to  obtain  a  closed  form 
solution  to  the  RANS  equations. 

Both  the  algebraic  and  transport  equation  turbulence  models  are  used  to  bring  closure  to 
RANS  equations.  Algebraic  models  are  based  on  the  Boussinesq  eddy-viscosity  approximation 
which  states  that  the  Reynolds  stress  relates  to  the  eddy  viscosity,  /ut,  with  the  equation 

-puiUj  =  2fi,Sv -  —  pkS-  (1.38) 

Algebraic  turbulence  models  are  the  simplest  turbulence  models  for  determining  the  eddy 
viscosity.  Transport  equation  models  solve  for  the  quantities  of  the  turbulent  kinetic  energy  and 
dissipation  rate  of  the  energy-containing  eddies.  There  many  types  of  turbulence  models  used  to 
solve  engineering  flows  and  each  model  has  its  advantages  and  limitations.  All  the  different 
types  of  conventional  turbulence  models  are  presented  in  text  such  as  Wilcox  [11].  The 
particular  interest  of  this  study  is  the  type  of  RANS  turbulence  models  that  have  been  applied  to 
prediction  of  transitional  and  separated  flows  associated  with  low  Reynolds  number  effects  with 
success. 

1.4  Transition  Modeling 

1.4.1.  eN  Method 

The  tN  method,  based  on  linear  stability  theory,  is  one  of  the  most  popular  methods 
available  for  transition  prediction.  It  can  be  used  with  either  the  local  stability  approach  or  the 
non-local  linear  Parabolized  Stability  Equations  (PSE)  approach.  The  local  approach  implies 
that  the  stability  of  the  flow  at  a  particular  location  is  determined  by  the  local  conditions  at  that 
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location  and  independent  of  all  others  and  assumes  the  mean  flow  is  locally  parallel.  The 
instabilities  are  described  with  the  equation 

q'(x,y,z,t)  =  q(y)exp(-ajx)exp[i(arx+ J3z-(0t)\  (1-39) 


where  z  is  the  spanwise  direction,  a  and  J3  are  complex  representations  of  the  wave  number 
components  in  the  x  and  z  directions,  and  co  is  the  frequency.  The  non-local  linear  PSE  approach 
states  that  the  mean  flow  and  amplitude  functions  is  dependent  on  both  x  and  y,  and  a  depends 
on  x,  so  that  the  instabilities  are  described  as 


q'(x,y,z,t)  =  q(x,y)ex p  ifj  a(x)dX  +  J3z  -  cot 


(1.40) 


The  stability  of  the  flow  at  a  given  location  depends  the  upstream  history  of  the  disturbances. 
The  surface  of  curvature  of  the  body  is  taken  to  account  by  the  linear  PSE  approach  because 
these  effects  are  of  the  same  order  of  magnitude  as  the  non-parallel  effects  [10].  Also,  the 
streamwise  pressure  gradient  is  automatically  taken  into  account  through  the  shape  of  the  mean 
velocity  profile. 

There  are  three  steps  in  the  application  of  the  e'v  method.  The  first  involves  computing 
the  laminar  flow  velocity  and  temperature  profiles  at  different  streamwise  locations  for  a  given 
flowfield.  Secondly,  the  amplification  rates  of  the  most  unstable  waves  are  calculated  for  each 
profile.  These  amplification  rates  are  used  to  calculate  the  transition  location  in  the  third  step. 
The  value  for  the  “AT’  factor  is  determined  by  looking  at  the  amplification  rate  of  the  spatial 
varying  wave  defined  as 


In  (A/  \ )  =  -j" 

Jx0 


atdx 


(1.41) 
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where  A  is  the  wave  amplitude  at  any  location  and  A0  is  the  wave  amplitude  where  that  wave 
becomes  unstable  at  xo.  The  “/V”  factor  is  calculated  as 

N  =  Max\[n(A/  )]  (1 .42) 

where  the  total  amplification  rate  has  been  determined  for  a  series  of  instabilities  (fi,f2,  /?,..). 
The  e,v  method  assumes  transition  to  occur  for  a  predefined  value  of  N  factor  defined  as  NT.  This 
means  that  the  breakdown  to  turbulence  is  observed  when  the  most  amplified  wave  has  been 
amplified  by  a  critical  ratio,  exp(AV).  The  one  disadvantage  is  the  value  of  the  N  factor  is  not 
universal  for  transition  and  needs  to  be  validated  based  on  experimental  data. 


1.4.2.  Dorney  et  al.  Model 

Domey  et  al.  [22]  modified  both  the  Baldwin-Lomax  and  standard  k-s  model  to  include 
numerical  models  for  the  prediction  of  separated  and  transitional  flows.  A  natural  transition 
model  called  the  Abu-Ghannam  and  Shaw  (AGS)  model  which  determines  the  start  of  transition 
based  on  the  momentum  thickness  is  given  as 


Re@  =163  + exp 


F(4)-  Fa&)Tu 
°  6.91 


(1.43) 


The  relationship  of  F(A,©)  is  given  in  Ref.  [22]  with  more  details.  This  model  is  considered  to  be 
valid  up  to  turbulent  intensities  of  Tu  =10%.  The  end  of  the  transition  region  is  calculated  as 

ReL  =31.8(Re@)16  (1.44) 


An  intermittency  function  y  was  used  in  the  region  between  the  start  and  end  of  transition  and  is 
calculated  as 

y  =  l-exp(-4.64^2)  (1-45) 
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This  function  represents  the  fraction  of  the  total  time  that  the  flow  is  turbulent.  It  is  equal  to  zero 
in  laminar  flow  and  unity  in  fully  turbulent  flow.  The  intermittency  is  multiplied  by  the 
turbulent  viscosity  in  the  turbulence  model.  The  separated  flow  region  was  modeled  with  the 
correlation 

Re@  =  25000 log10(l/tanh(0.173205r))  (1-46) 

The  Dorney  et  al.  [22]  model  was  applied  at  three  inlet  Reynolds  numbers  of  43,000, 
86,000,  and  172,000  for  the  Pack-B  blade  airfoil.  The  predicted  total  pressure  losses  using  both 
of  the  modified  turbulent  flow  models  were  greater  than  the  experimental  values  at  all  three 
Reynolds  numbers  due  to  the  difference  in  the  separation  and  reattachment  locations  and  the  size 
of  the  separation  region. 


1.4.3.  Suzen  et  al.  Model 

A  study  by  Suzen  et  al.  [23]  used  the  turbulent  viscosity  expression  from  Menter’s  k- 
co(SST)  model  as  ju*  =yjut.  A  transport  equation  was  used  to  solve  for  the  intermittency  function, 

y,  given  as 


^dT  +  dPQxL  =  (l“  “  F^c°  pJWkfWXs)  +  P 


Or,  du,  r  vn £3/2  u,  du,  ) 

k  ij  dxj  2  £  (ukuk  )l/2  dxj  dx 


j  J 


(1.47) 


^  k 2  dy  dy  d 

+  C,p - - - —  + - 

£  dxj  dxj  dxj 


((l  -  y)ycrr/J  +  (l  -  r)wr4,  )^~ 

V  0xu 


The  constants  and  auxiliary  relations  were  given  in  more  detail  in  Ref.  [23].  The  intermittency 
transport  equation  was  used  to  obtain  the  distribution  of  intermittency  in  the  transitional  flow 
region,  while  the  onset  of  transition  was  determined  by  correlations.  The  onset  of  attached 
transitional  boundary  layer  flow  was  determined  with  a  correlation  for  Reynolds  number  based 
on  momentum  thickness,  given  as 
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Re0  =  (l20  +  l 507a  2  3  )coth|4(().3  -  x  105 )]  (1.48) 

where  K,  is  called  the  acceleration  parameter.  In  order  to  determine  the  onset  of  separated  flow 
transition,  the  Reynolds  number,  Rest,  is  expressed  in  terms  of  the  turbulence  intensity  (Tu)  and 
momentum  thickness  Reynolds  number  of  the  separation  point,  Re using  the  correlation  as 

Re„  =  874  Re0J 1  exp  [-  0.47m]  ( 1 .49) 

The  Suzen  et  al.  [23]  model  was  applied  to  two  different  cascade  grid  topologies.  Results 
compared  well  with  three  different  experiments  with  differences  in  separation  and  reattachment 
locations. 

1.4.4.  Prasnier  and  Clark  Model 

Another  approach  by  Praisner  and  Clark  [24]  used  correlations  developed  from  an 
experimental  database  for  attached  flow  transition,  laminar  separation  with  turbulent  attachment, 
and  separated-flow  transition.  The  experimental  database  consisted  of  57  cases  of  seven 
different  turbomachinery- specific  airfoils  at  various  boundary  conditions.  Laminar  flow 
simulations  were  performed  for  experimental  cascade  configurations  at  the  appropriate  in 
boundary  conditions.  The  pre-transitional  boundary  layer  was  modeled  using  a  “quasi-laminar” 
formulation  of  the  Wilcox  k-co  model  in  the  laminar  region  of  the  boundary  layer.  In  this 
formulation,  the  production  of  k  and  to  were  kept  at  a  minimum  to  allow  for  the  convection  and 
diffusion  of  freestream  turbulence  into  a  quasi-laminar  boundary  layer. 

A  momentum  thickness  Reynolds  number  correlation  based  on  the  experimental  database 
was  given  as 
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Re@  -  A\ 


fT  0^ 
lu — 

V  lmJ 


(1.50) 


It  was  used  to  determine  the  onset  of  attached  transitional  flow,  where  A  and  B  were  constants 
equal  to  8.52  and  0.956,  respectively.  The  onset  of  separated-flow  transition  was  modeled  using 

^  =  CRet„,  (1.51) 

where  C  and  D  were  constants  equal  to  173.0  and  -1.227,  respectively,  Lsep  was  the  distance 
between  separation  and  transition  onset,  and  Ssep  was  the  surface  distance  from  the  stagnation 
point  to  the  separation  location.  If  the  separated-flow  transition  was  predicted  to  occur 
downstream  of  the  trailing  edge,  the  simulation  was  run  as  fully  laminar.  Once  transition 
occurred,  the  Wilcox  k-co  model  was  used  to  model  the  fully  turbulent  flow.  The  Prasnier  and 
Clark  [25]  model  showed  significant  improvement  over  a  conventional  fully  turbulent  flow 
model  in  the  predicted  accuracy  of  the  total  pressure  loss  for  both  linear  cascades  and  multistage 
LPT  rigs. 


1.4.5.  The  Menter  et  al.  y-Re@ Model 

Menter  et  al.  [26]  has  developed  a  new  transitional  flow  model  called  the  y-Re&  model. 
Instead  of  using  the  momentum  thickness  Reynolds  number  to  trigger  the  onset  of  transition,  the 
y-Re&  model  was  based  on  the  vorticity  Reynolds  number,  Rev,  given  as 


Re 


U 


py 2  du 
p  dy 


(1.52) 


D.  Sanders  35 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

142 

Approved  for  public  release;  distribution  unlimited. 


Chapter  1 .  Introduction 


where  y  is  the  distance  from  the  wall,  and  Q  is  the  vorticity.  The  maximum  value  of  Reu  was 
dependent  on  the  momentum  thickness  Reynolds  number.  A  transport  equation  for  the 
intermittency  was  used  to  trigger  the  transition  process  and  defined  as 


dpy  dpufl 

dt  dxj 


—  Py  1  Eyl  +  Py2  ^ 


+  - 


d 

dXj 


M  + 


A_' 

af) 


(1.53) 


Also,  a  transport  equation  for  the  momentum  thickness  Reynolds  number  at  the  transition  onset, 
Rea  was  used  and  given  as 


dRe0r  (  dPu,  Re0/  _  p  t  d 

dt  dxj  @t  dxj 


(  \3Re0, 

^er(  ^  +  ^)-z-QL 
OX, 


(1.54) 


The  intermittency  transport  equation  included  two  terms  that  controlled  the  production  of 
intermittency.  These  terms  were  the  Fiength  and  Re@ct  which  were  determined  by  proprietary 
empirical  correlations.  Re@c  was  defined  as  the  momentum  thickness  Reynolds  number  at  the 
point  where  the  intermittency  started  to  increase  in  the  boundary  layer  and  F\tmgth  controlled  the 
length  of  the  transition  zone.  The  Rea  transport  equation  outside  the  boundary  layer  was  forced 
to  follow  an  experimental  empirical  correlation.  This  was  then  diffused  by  the  boundary  layer  by 
a  standard  diffusion  term.  When  the  boundary  layer  became  separated,  the  transition  model  was 
modified  so  that  the  intermittency  could  exceed  unity  when  the  boundary  layer  separated.  This 
modification  was  given  as 


Y 


sep 


Re„ 

min< 

8  max 

V 

-1,0 

i  i 

^2. 193  Re  0C  j 

exp- 


f  R  Y 
FF  ,5 

V 15  J 


>F, 


(1.55) 


where  F is  a  blending  function  within  the  auxiliary  relationship  from  Eq.  (1.54)  and  is 

confined  the  modification  to  boundary  layer  flows.  Eq.  (1.55)  allowed  for  the  control  of  the 
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separation  bubble  resulting  in  a  larger  production  of  turbulent  kinetic  energy,  which  corrected  the 
prediction  of  reattachment  [26].  The  y-Re@  model  transport  equation  was  coupled  with  the 
Menter’s  k-afSST )  model  where  the  production  and  destruction  terms  were  modified  using 
intermittency.  The  y-Re& model  has  been  applied  to  several  2D  and  3D  geometries  by  Langtry  et 
al.  [27]  including  the  Pack-B  cascade,  a  3D  GE  low-pressure  turbine  vane,  and  the  T106  blade 
undergoing  passing  wakes.  All  simulations  agreed  well  with  experiments  for  all  test  cases  at  a 
wide  range  of  Reynolds  numbers  and  freestream  turbulent  intensities. 


1.4.6.  The  Moore  and  Moore  MARV  Reynolds  Stress  Model 

Moore  and  Moore  [28]  developed  a  Reynolds  stress  model  for  application  of  separated 
and  transitional  flows  called  the  MARV  Reynolds  Stress  Model.  Traditional  Reynolds  stress 
models  solved  differential  equations  for  the  Reynolds  stress,  ,  and  the  dissipation  rate,  s. 

The  MARV  model  specified  equations  for  q  =  Jk  ,  CO  =  s/k ,  and  five  independent  turbulent 
anisotropies,  defined  as 


u,u ,  1 

-4-L-- 8 .. 

2k  3  11 


(1.56) 


Also,  the  MARV  model  used  a  non-isotropic  viscosity  based  on  DNS  calculations.  It  correctly 
models  the  behavior  of  the  strain  rate  and  shear  stress  within  the  boundary  layer.  This  behavior 
was  described  as  the  larger  velocity  fluctuations  in  the  outer  portion  of  the  boundary  layer 
pointing  toward  the  wall  and  becoming  more  parallel  to  the  mean  velocity  vectors  as  the  wall  is 
approached,  similar  to  DNS  predictions.  This  behavior  was  not  seen  in  turbulence  models  that 
used  the  Boussinesq  approximation,  where  the  direction  of  velocity  fluctuations  were  always 
aligned  45°  to  the  mean  velocity  vectors.  The  MARV  Reynolds  Stress  model  of  Moore  and 
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Moore  [28]  was  applied  to  a  UTRC/Pratt  &  Whitney  cascade  design  of  the  JT9D.  Reasonable 
agreement  was  achieved  with  experimental  results  for  the  location  of  increased  heat  transfer  on 
the  suction  surface  due  to  transition.  Also,  the  trends  in  the  prediction  of  performance  were 
consistent  with  the  experimental  results. 


1.4.7.  Walters  and  Leylek  k-kf  -  co  Model 

Walters  and  Leylek  [2]  developed  a  three-equation  eddy-viscosity  type  model  named  the 
k-kL-co  model.  This  model  contained  transport  equations  for  the  turbulent  kinetic  energy  (kj), 
laminar  kinetic  energy  ( kL ),  and  the  specific  dissipation  rate  (®)  which  were  given  as 


DkT 

Dt 


=  P, 


+  R  +  RftAT  —  ®kj  —  Dj'  + 
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The  influence  of  the  laminar  and  turbulent  kinetic  energy  on  the  Reynolds  stress  term  was 
included  through  the  prescription  of  the  total  eddy  viscosity  as  given  in  Eq.  (1.60). 


■  UtU  j  -  VjoT 


[  8u ;  du . 


■  +  ■ 

Kdxj  dxi  , 


kTOTdfj 


(1.60) 


The  laminar  kinetic  energy  was  used  to  describe  the  low  frequency,  high  amplitude 

fluctuations  that  originated  from  the  pre-transitional  boundary  layer.  These  fluctuations 

primarily  occurred  at  one  scale  and  almost  all  energy  was  contained  in  a  single  streamwise 

component.  The  production  of  laminar  kinetic  energy  was  assumed  to  occur  due  to  a  “splat 
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mechanism”.  This  “splat  mechanism”  redirected  the  normal  fluctuations  of  the  freestream 
turbulence  into  a  streamwise  component  while  creating  local  pressure  gradients  in  the  boundary 
layer,  increasing  the  low  frequency  fluctuations.  These  fluctuations  grow  to  the  development  of 
turbulent  spots  and  then  to  full  turbulence.  A  local  transition  parameter  that  depended  on  the 
turbulent  energy,  effective  length  scale,  and  fluid  viscosity  determined  when  this  occurred.  Once 
this  parameter  reached  a  threshold  value,  a  transfer  of  energy  began  from  streamwise  fluctuations 
( ki ■)  to  turbulent  fluctuations  (kj).  In  the  near-wall  region,  the  turbulent  kinetic  energy  was  split 
into  small-scale  and  large-scale  energy.  The  small-scale  energy  contributed  to  the  turbulent 
production,  and  the  large-scale  energy  contributed  to  the  laminar  kinetic  energy. 

Both  natural,  mixed,  and  bypass  transition  were  resolved  in  the  Walters  and  Leylek  [2] 
model.  The  production  terms  in  this  model  controlled  the  transfer  from  streamwise  fluctuations 
to  full  turbulence  which  depended  on  the  laminar  kinetic  energy  and  the  local  mean  velocity  in 
order  to  include  natural  and  mixed  transition.  For  the  onset  of  transition,  a  parameter  was 
calculated  from  the  turbulent  kinetic  energy,  kinematic  viscosity,  and  the  wall  distance.  When 
this  parameter  exceeded  a  certain  threshold,  transition  was  assumed  to  start.  The  onset  of 
transition  was  associated  with  the  reduction  of  laminar  kinetic  energy  and  the  increase  in  the 
turbulent  kinetic  energy.  A  full  description  of  all  model  constants  and  auxiliary  equations  was 
presented  by  Walters  and  Leylek  [2], 

The  Walters  and  Leylek  [2]  model  has  been  applied  to  the  cases  of  a  zero-pressure- 
gradient  flat  plate  at  various  freestream  turbulent  intensities  [2]  and  a  circular  cylinder  at 
subcritical,  critical,  and  supercritical  Reynolds  numbers  [29]  with  good  results.  Also,  the 
capability  of  the  new  model  to  predict  transitional  flow  behavior  has  been  demonstrated  on  a 
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highly  loaded  turbine  blade  airfoil  with  and  without  film  cooling  [30]  and  a  flat  plate  with 
pressure  distribution  similar  to  an  axial  compressor  undergoing  passing  wakes  [31]. 

In  the  foregoing  material,  fundamental  boundary  layer  theory  and  examples  of  CFD 
models  applied  to  turbomachinery  have  been  reviewed.  This  supports  the  dissertation  goal  to 
examine  representative  turbulence  models  and  RANS  solvers  for  LPT  flow  modeling  and,  if 
possible,  to  offer  a  new,  characterized  model  for  the  applicability  of  low  Reynolds  numbers  flow 
predictions. 


D.  Sanders  40 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

147 

Approved  for  public  release;  distribution  unlimited. 


Chapter  2.  Description  of  Experimental  Cascade  Configurations  Utilized  in  the 

Investigation 


CHAPTER  TWO 


2.  Description  of  Experimental  Cascade  Configurations 
Utilized  in  the  Investigation 

Linear  cascades  have  long  been  important  in  the  testing  of  axial  flow  turbines  and 
compressors.  A  cascade  is  a  stationary  array  of  blades  constructed  for  the  measurement  of 
aerodynamic  effects  around  the  blades.  Flowfield  conditions  are  varied  independently  of  each 
other  in  order  to  yield  performance  and  efficiency  data,  relate  flow  turning  angles  to  the  blade 
geometry,  or  give  qualitative  clues  about  conditions  for  separation.  Cascade  testing  has  brought 
about  the  development  of  correlations  that  have  been  used  for  many  current  day  design 
procedures  [321 .  In  the  present  study,  experimental  cascade  results  provided  reliable  data  of  the 
aerodynamic  properties  to  validate  the  CFD  predictions. 

2.1  Linear  Cascade  Geometry 

The  cascade  geometry  shown  in  Figure  2. 1  is  typical  of  compressor/turbine  blade  cascade 

test  setups.  The  spacing  (,v)  or  pitch  is  defined  as  the  distance  in  the  tangential  direction  between 

corresponding  points  on  adjacent  blades.  The  chord  (c)  is  equal  to  the  linear  distance  between 

the  front  or  leading  edge  and  the  rear  or  trailing  edge  of  the  blade.  The  camber  line  is  the  mean 

line  of  the  blade  profile.  It  extends  from  the  leading  edge  to  the  trailing  edge,  midway  between 

the  pressure  and  suction  surface.  The  stagger  angle  (£)  is  the  angle  between  the  chord  line  and 

axial  turbine  direction.  The  inlet  and  outlet  flow  angles  are  defined  as  the  angle  between  the 

fluid  flow  direction  and  machine  axial  direction  at  the  blade  inlet  and  outlet,  respectively.  The 

inlet  and  exit  velocities  can  be  broken  down  into  their  axial  (x)  and  tangential  ( y )  components  to 

form  typical  velocity  triangles  (Fig.  2.1).  The  solidity  or  the  ratio  of  c/s  is  another  important 
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parameter  for  cascade  aerodynamics.  The  higher  this  ratio,  the  more  closely  packed  are  the 
blades. 


2.2  The  AFRL  Low  Speed  Wind  Tunnel 

The  experimental  investigations  used  for  comparisons  with  the  CFD  results  were 
conducted  in  the  Air  Force  Research  Lab  (AFRL)  Low  Speed  Wind  Tunnel  (LSWT)  at  Wright 
Patterson  Air  Force  Base  [18,34-40],  The  wind  tunnel  was  a  modified  Aerolab  Corporation  open 
loop  tunnel.  A  photo  of  facility  and  a  schematic  of  the  test  section  is  shown  in  Figure  2.2.  The 
inlet  bell-mouth  was  3.05m  wide  and  2.67m  tall.  The  wind-tunnel  test  section  is  1.22m  wide  and 
0.85m  tall  at  the  inlet  and  houses  the  linear  turbine  case  cascade.  A  125-hp  electric  motor  drives 
an  axial  flow  fan  which  is  capable  of  producing  air  speeds  up  to  80m/sec.  A  honeycomb  flow 
straightener  led  to  a  convergent  nozzle  which  reduced  the  flow  area  by  87%.  Stryofoam  inserts 

were  placed  in  the  flow  straightener  to  help  minimize  corner  vortices  and  to  provide  freestream 
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uniformity  of  better  than  1%  with  a  turbulence  intensity  of  approximately  0.5%.  An  optional 
turbulence  grid  can  be  installed  yielding  freestream  turbulence  levels  up  to  a  maximum  of 
approximately  4%.  Turbulent  length  scales  with  these  grids  have  been  characterized  by  both 
Lake  [18]  and  McQuilling  [33]. 

The  test  section  of  the  cascade  wind  tunnel  (Fig.  2.2(b)  had  a  central  hinge  pivot  joint  that 
allowed  the  inlet  and  outlet  flow  angles  to  be  set  for  the  referenced  tests  involving  all  airfoils 
studied  in  this  research.  Eight  airfoils  with  an  outboard  pressure  surface  blade  were  bolted  to 
acrylic  endplates  and  placed  in  the  test  section.  The  blade  axial  chord  was  0.18m  with  span  of 
0.88m  to  ensure  two-dimensional  flow  over  the  midspan  region  of  the  blade.  The  cascade  test 
section  exhibited  good  uniformity  and  periodicity  as  confirmed  by  Lake  [18]. 


Figure  2.2.  (a)  AFRL  Low  Speed  Wind  Tunnel  Facility[351  and  (b)  view  of  the  test  section  1361 


2.2.1  Design  of  Moving  Bar  Wake  Generator 

A  moving  bar  wake  generator  was  designed  by  Nessler  et  al.  [37]  for  the  AFRL  Low 
Speed  Wind  Tunnel  in  order  to  simulate  the  conditions  in  a  low  pressure  turbine  stage.  The 
objective  was  to  produce  periodic  unsteadiness  in  the  flow  impinging  on  the  linear  cascade  to 
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simulate  the  effect  of  upstream  vane  wake  shedding  [37].  The  wake  generator  consisted  of 
0.318cm  diameter  unidirectional  carbon  fiber  rods  spaced  17.9cm  apart  which  matched  the 
trailing  edge  boundary  layer  and  blade  spacing  of  the  Aft-Loaded  LI  A  blade  to  be  presented  and 
discussed  in  further  detail  in  Section  3.1.3.  The  rods  were  oriented  vertically  and  fastened  to  a 
hollow  pin  chain  which  was  directed  through  a  series  of  sprockets  and  chain  guides.  A  3 
horsepower  variable  frequency  motor  drove  the  chain  system  at  speeds  up  to  5.0m/sec  to  match 
inlet  flow  velocities  for  Reynolds  numbers  below  50,000.  A  design  optimization  routine 
produced  a  track  configuration  with  a  length  of  8.4m  using  18  cylindrical  rods  equally  spaced 
across  a  3.04m  span.  The  configuration  maximized  the  number  of  primary  wakes  being 
measured  while  minimizing  the  cycle  time  before  the  first  secondary  wake  passed  through  the 
cascade  inlet.  Figure  2.3  shows  a  track  configuration  and  a  CAD  model  of  the  wake  generator. 


Figure  2.3.  (a)  Track  configuration  and  (b)  mechanical  design  CAD  model  of  moving  wake  generator  track  [371 
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2.3  Measurement  Techniques 

Flow  measurements  from  several  different  experimental  studies  in  the  AFRL  LSWT  were 
used  for  comparison  with  the  CFD  results.  All  experimental  measurements  were  done  on  the 
middle  blade  to  reduce  side-wall  effects  from  the  cascade.  Inlet  Reynolds  numbers  were  set 
based  on  inlet  velocity  measurements  and  the  blade  axial  chord  length.  Surface  static  pressure, 
Particle  Image  Velocimetry,  and  wake  loss  measurements  were  made  over  a  wide  range  of 
Reynolds  numbers  and  freestream  conditions.  The  next  sections  describe  each  measurement 
technique  in  greater  detail. 


2.3.1  Surface  Static  Pressure  Measurements 

Static  pressure  measurements  were  made  using  up  to  forty  static  pressure  taps  placed 
around  the  blade  pressure  and  suction  surface.  A  Druck  pressure  transducer  with  a  measurement 
range  of  0-2.0  in-H20  was  used  for  static  pressure  coefficient  calculations.  The  static  pressure 
coefficient  ( Cp )  is  calculated  using  Eq.  (2.1), 


C 


p 


(2.1) 


where  Poj  is  the  average  inlet  total  pressure,  q,  is  the  average  inlet  dynamic  pressure,  and  Ps  is 

the  static  pressure  on  the  surface  of  the  blade.  Measurements  taken  by  Bons  et  al.  [38]  and 
Marks  et  al.  [35]  were  used  for  static  pressure  coefficient  comparisons  with  the  CFD  results. 

2.3.2  Wake  Loss  Measurements 

An  upstream  Pitot-static  probe  and  a  downstream  total  pressure  Kiel  probe  were  used  to 

measure  the  static  and  total  pressure  upstream  and  the  downstream  blade  wake  total  pressure. 

Each  of  the  probes  was  mounted  on  a  pitchwise  traverse.  A  -0.2  to  0.8  in-H20  Druck  pressure 
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transducer  was  used  for  the  wake  loss  measurements.  The  local  total  pressure  loss  coefficient 
was  calculated  based  on  these  measurements  using  Eq.  (2.2)  by  taking  the  time-averaged 
difference  between  the  inlet  and  outlet  total  pressure  and  dividing  by  the  difference  between  the 
time-averaged  inlet  total  and  static  pressure. 


TPLC  = 


t 


P  —  P 

1  0, inlet  1  0,  outlet ) 

ip  -  p  ) 

\  0, inlet  inlet ) 


(2.2) 


The  integrated  total  pressure  loss  coefficient  was  calculated  for  one  pitch  (s)  using  Simpson’s 
rule  based  on  the  local  total  pressure  loss  coefficient  with  the  equation 
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(2.3) 


Performance  of  the  blade  airfoils  was  evaluated  based  on  the  total  pressure  loss  coefficient, 
which  is  an  indirect  measurement  of  the  entropy  generation.  As  entropy  is  generated,  the  total 
pressure  at  the  outlet  decreases  due  to  the  blade  airfoil  trailing  edge  wake  and  the  loss  coefficient 
increases.  Inlet  and  outlet  turbulence  intensity  measurements  were  made  at  the  same  locations 
using  a  single  element  hot  film. 


2.3.3  Particle  Image  Velocimetry 

Particle  Image  Velocimetry  (PIV)  involves  two  main  steps.  First,  a  plane  within  the 
flowfield  is  created  by  illuminating  seeding  particles  with  a  thin,  laser-light  sheet.  The  laser- 
light  sheet  was  formed  using  a  combination  of  optical  lenses.  The  light  scattered  by  seeding 
particles  in  the  illumination  plane  was  recorded  using  double-exposure  photographs.  In  the 
second  step,  the  ratio  of  the  measured  displacement  between  successive  images  of  the  same  seed 
particles  and  the  known  change  in  time  was  used  to  calculate  the  local  fluid  velocity. 
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A  PIV  system  was  implemented  in  the  Low  Speed  Wind  Tunnel  facility  as  shown  in 

Figure  2.4.  The  lasers  and  cameras  were  mounted  underneath  and  adjacent  to  the  cascade.  A 

dual-head,  flashlamp-pumped  Nd:YAG  laser  was  used  as  the  laser  source,  capable  of  dual  120mJ 

pulses  at  15Hz  repetition  rate.  Scattering  from  the  seed  particles  was  recorded  on  high  resolution 

CCD  digital  camera  sensors  with  a  1600x1200  pixel  resolution  at  a  maximum  framerate  of 

30frames/sec.  Two  frames  can  be  recorded  sequentially  with  a  time  spacing  of  100-200p,sec 

depending  on  the  flow  velocity  and  magnification.  Image  pairs  from  the  CCD  cameras  were 

recorded  at  a  frequency  of  10Hz.  The  camera  lens  provided  a  field  of  view  of  1 19x1 5  8mm.  The 

uncertainty  PIV  measurements  was  found  to  be  associated  with  the  velocity  calculation  that 

involves  the  displacement  of  pixels,  the  time  intervals  between  exposures,  and  the  magnification 

of  the  digital  image  relative  to  the  object.  It  was  found  the  uncertainty  in  the  velocity  to  yield  a 

maximum  error  of  <2%  in  the  freestream  velocity  and  -10%  in  the  viscous  region  [35]. 
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The  blade  normal  PIV  images  were  primarily  used  for  flowfield  comparisons  with  the 
CFD  results.  Boundary  layer  velocity  profiles  were  extracted  normal  to  the  blade  surface  from 
the  PIV  experiments  of  Marks  et  al.  [35]  and  Woods  et  al.  [39].  This  PIV  technique  has 
successfully  demonstrated  the  resolution  necessary  for  examining  flow  features  in  complex 
flowfields  [41]. 

2.4  Description  of  LPT  Blade  Airfoil  Geometries 

The  three  different  LPT  blade  airfoils  used  in  this  study  have  different  blade  loading 
characteristics.  The  Zweifel  blade  force  coefficient  was  used  as  the  parameter  to  compare  the 
blade  loading  for  each  LPT  blade  airfoil.  The  incompressible  form  of  the  Zweifel  blade  force 
coefficient,  Z,  is  calculated  with  Eq.  (2.4) 

Z  =  2-^-cos2 aou?(tan ain  -tan aout)  (2.4) 

'-'X 

where  Cx  is  the  axial  chord,  a,„  and  aout  is  the  inlet  and  outlet  flow  angles,  respectively  and  s,  is 
defined  as  the  blade  pitch.  The  Zweifel  coefficient  is  a  measure  of  the  amount  of  work  which 
can  be  extracted  from  a  turbine  blade  and  was  originally  developed  to  determine  the  number  of 
blades  and  solidity  needed  for  optimal  turbine  performance  [33]. 

A  study  done  by  Curtis  et  al.  [42]  used  LPT  blade  airfoils  with  a  Zw  «  1  where  the  suction 
surface  pressure  distribution  was  changed  using  flaps  and  inserts  over  Reynolds  number  range  of 
70,000  -  400,000.  They  proposed  that  the  two  most  significant  factors  that  determine  the  suction 
surface  velocity  distribution  are  the  degree  of  deceleration  along  the  blade  surface  and  the 
location  of  the  velocity  peak.  The  degree  of  deceleration  was  defined  as  the  magnitude  of  the 
adverse  pressure  gradient  along  the  suction  surface  of  the  LPT  blade  airfoil.  The  location  of  the 

velocity  peak  describes  the  loading  characteristic  of  the  LPT  blade  where  the  minimum  pressure 
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is  located  on  the  airfoil.  LPT  blade  designs  were  given  the  classification  of  front-loaded,  mid- 
loaded,  or  aft-loaded  depending  on  the  location  of  the  velocity  peak  on  the  blade  suction  surface. 


Figure  2.5.  Inviscid  static  pressure  coefficient  distributions  and  blade  profiles  for  the  (a)  Lightly  Loaded,  (b) 

Highly  Loaded,  and  (c)  Aft-Loaded  LI  A  blade  airfoils  at  Re  =50.000 


2.4. 1  The  “Lightly  Loaded  ”  LPT  Blade  Airfoil 

The  LPT  blade  airfoil  defined  as  “Lightly  Loaded”  with  a  Zw  =  0.94  was  based  on  the 
midspan  airfoil  of  a  typical  three-dimensional  LPT  rotor  blade.  The  axial  chord  length,  Cx,  and 
axial  solidity  were  17.78cm  and  1.20,  respectively.  The  inlet  and  outlet  flow  angle  for  the 


Lightly  Loaded  blade  airfoil  were  30.75°  and  60.94°,  respectively.  Figure  2.5(a)  shows  the  blade 
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profile  for  the  Lightly  Loaded  blade  airfoil  and  the  inviscid  distribution  of  the  static  pressure 
coefficient  along  the  blade  surface  at  Re  =  50,000.  The  location  of  the  peak  velocity 
corresponded  to  the  same  location  of  the  peak  pressure  coefficient.  This  peak  was  found  at  the 
56.0%  axial  chord  location,  indicating  that  the  Lightly  Loaded  blade  is  more  of  a  mid-loaded 
blade  design.  The  more  upstream  the  peak  velocity  location,  the  more  the  blade  will  be 
intrinsically  separation  resistant  when  operated  at  low  Reynolds  numbers.  Also,  the  slope  of  the 
pressure  coefficient  downstream  of  the  peak  pressure  location  is  relatively  flat  indicating  a  very 
weak  adverse  pressure  gradient.  Flow  separation  is  less  likely  to  occur  because  there  is  little 
total  pressure  change  from  the  peak  velocity  location  to  the  trailing  edge. 

Experimental  measurements  of  the  flow  over  the  Lightly  Loaded  blade  were  performed 
by  Garmoe  [36]  in  the  LSWT.  Wake  total  pressure  loss  measurements  were  collected  at  an  inlet 
Reynolds  number  range  of  10,000-100,000  and  inlet  turbulence  intensity,  Tu  =  1%.  Figure  2.6 
show  the  total  pressure  loss  coefficient  profiles  along  with  the  integrated  total  pressure  loss 
coefficient.  The  integrated  value  of  the  loss  coefficient  was  plotted  as  a  function  of  the  inlet 
Reynolds  number  including  the  experimental  error  bars  calculated  based  on  the  Reynolds 
number  variance.  The  trend  in  both  plots  indicated  that  as  the  Reynolds  number  decreased,  the 
magnitude  and  width  of  the  loss  coefficient  distribution  increased.  Also,  boundary  layer  velocity 
profiles  were  taken  at  several  locations  normal  to  the  blade  suction  surface  and  indicated  very 
little  evidence  of  separation  on  suction  surface,  not  even  at  the  lowest  inlet  Reynolds  number.  It 
was  later  discovered  that  the  hot-film  anemometers  used  in  the  study  were  incorrectly  calibrated, 
so  only  the  wake  loss  coefficient  distributions  were  used  for  comparisons  with  the  CFD  results 
[36], 
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Figure  2.6.  (a)  Wake  total  pressure  loss  coefficient  profiles  (b)  and  integrated  loss 

coefficient  with  error  bars  at  Re  =10.000-100.000  for  the  Lightly  Loaded  blade  airfoil 


2.4.2  The  “Highly  Loaded”  LPT  Blade  Airfoil 

The  second  LPT  blade  geometry  used  was  the  Pack-B  research  LPT  blade  with  a  Z  = 
1.07  and  defined  as  “Highly  Loaded”.  Pratt  &  Whitney  introduced  the  Highly  Loaded  LPT 
design  in  order  to  provide  a  current  higher  lift  design  with  an  improved  low  Reynolds  number 

efficiency  [33].  The  Highly  Loaded  blade  is  an  incompressible  Mach  number  scaled  version  of  a 
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conventional  LPT  geometry  used  in  a  commercial  aircraft  turbine  engine.  The  axial  chord  length 
was  17.78cm  with  an  axial  solidity  of  1.13.  The  inlet  and  outlet  flow  angle  was  35°  and  60°, 
respectively.  Figure  2.5(b)  indicates  the  peak  velocity  location  was  62.1%  of  the  axial  chord  for 
the  Highly  Loaded  blade  and  was  located  more  downstream  compared  to  the  Lightly  Loaded 
blade.  The  Highly  Loaded  blade  is  therefore  an  aft-loaded  blade  design  [34].  The  slope  of  the 
pressure  coefficient  is  downstream  of  the  peak  velocity  location  creating  a  strong  adverse 
pressure  gradient  on  the  blade  suction  side.  The  strength  of  the  adverse  pressure  gradient  and 
lower  solidity  makes  flow  separation  more  likely  to  occur  at  low  Reynolds  numbers. 


Figure  2.7.  Experimental  measurements  of  the  static  pressure  coefficient  for  the  Highly 

Loaded  blade  airfoil  taken  by  Bons  et  al.  1381 


The  Highly  Loaded  blade  has  been  extensively  tested  in  the  LSWT  in  several  different 
experimental  studies  [36-40]  mainly  due  to  its  aerodynamic  characteristics  at  low  Reynolds 
numbers.  Those  studies  indicated  the  Highly  Loaded  blade  tends  to  separate  at  Reynolds 
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numbers  of  100,000  and  below.  Figure  2.7  shows  the  static  pressure  coefficient  measurements 
taken  by  Bons  et  al.  [38]  at  Re  =  25,000,  50,000,  and  100,000.  The  formation  of  a  plateau  where 
the  static  pressure  remained  constant  after  the  maximum  Cp  location  was  an  indicator  of 
boundary  layer  separation  on  the  suction  surface.  At  the  Re  =  100,000,  this  plateau  began  at  the 
75%  axial  chord  and  continued  downstream  to  88%  axial  chord.  The  decrease  in  Cp  downstream 
of  88%  axial  chord  indicated  that  the  boundary  layer  reattached  to  the  blade  surface,  forming  a 
closed  separation  bubble  on  the  suction  surface.  The  distribution  of  the  static  pressure  for  Re  = 
50,000  and  25,000  show  the  same  trend  where  the  constant  Cp  plateau  begins  at  approximately 
60%  axial  chord  and  continues  downstream  of  that  location  to  the  blade  trailing  edge  which 
indicates  a  separation  region  at  the  rear  of  the  blade. 
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Figure  2.8.  Mean  boundary  layer  velocity  profiles  extracted  from  PIV  measurements  of 

Woods  et  al.  1391  for  the  Highly  Loaded  blade 
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Mean  boundary  layer  velocity  profiles  were  extracted  from  the  PIV  experiments  taken  by 
Woods  et  al.  [39]  shown  in  Figure  2.8  at  all  three  Reynolds  numbers  and  0.6%  freestream 
intensity.  These  profiles  were  extracted  normal  to  the  blade  surface  at  67.2%,  73%,  79.0%, 
84.8%,  89.8%,  and  95%  axial  chord  locations.  At  the  Re  =  100,000,  the  boundary  layer  profiles 
reconfirmed  the  trend  observed  from  the  static  pressure  measurements  that  a  closed  separation 
bubble  was  present  on  the  suction  surface.  This  separation  bubble  was  formed  due  to  the  high 
energy  present  in  the  freestream  flow  caused  the  shear  layer  re-energizing  the  boundary  layer  and 
reattaching  the  flow  to  the  blade  surface.  This  flow  behavior  is  known  as  separation-induced 
turbulent-transition  as  described  by  Halsted  et  al.  [3].  At  the  Re  =  50,000,  the  boundary  layer 
profiles  indicated  the  separation  region  extended  to  the  trailing  edge  because  there  was  not 
enough  energy  present  in  freestream  to  cause  boundary  layer  reattachment.  The  further  decrease 
in  the  Reynolds  for  the  Re  =  25,000  case  caused  the  separation  region  to  increase  compared  to 
the  higher  Reynolds  number  cases. 


Figure  2.9.  Wake  total  pressure  loss  coefficient  measurements  of  Garmoe  1361  and  Casey  et  al  1 40 1  for  the 

Highly  Loaded  blade 
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Figure  2.9  shows  the  wake  total  pressure  loss  coefficient  profiles  as  measured  by  Garmoe 
[36]  and  Casey  et  al.  [40]  for  all  three  inlet  Reynolds  numbers.  The  discrepancy  in  the 
measurement  of  the  wake  loss  coefficient  between  the  two  experiments  was  due  to  the  difference 
in  the  inlet  turbulent  boundary  conditions.  For  the  Re  =100,000  Garmoe  [36]  reported  the  inlet 
turbulence  intensity  as  0.735%  compared  with  0.437%  for  Casey  et  al.  [40]  measurements.  As 
the  Reynolds  number  decreased,  the  magnitude  of  the  loss  coefficient  and  the  width  of  the  region 
increased  due  to  growth  of  the  separation  region.  The  Re  =  100,000  case  showed  that  even 
though  a  closed  separation  bubble  was  present,  the  total  pressure  loss  was  not  significantly 
higher  due  to  the  attached  turbulent  boundary  layer  downstream  of  the  separation  bubble.  An 
approximate  50%  increase  in  the  peak  loss  coefficient  compared  to  Re  =  100,000  was  observed 
for  the  Re  =  50,000  due  to  the  increase  in  the  amount  of  separated  flow  on  the  suction  surface. 
The  inlet  turbulence  intensity  was  0.34%  for  the  Casey  et  al.  [40]  measurements  and  0.84%  for 
Garmoe’s  [36]  measurement  at  Re  =  50,000.  At  Re  =  25,000,  a  Tu  =  0.36%  was  used  in  the 
Casey  et  al.  [40]  experiment  while  a  Tu  =  0.89%  was  used  in  the  Garmoe  [36]  experiments.  The 
amount  of  separated  flow  was  the  highest  for  the  Re  =  25,000  case,  and  as  a  result  the  peak  loss 
coefficient  was  the  highest  and  the  width  of  the  wake  region  was  larger  than  for  the  higher  inlet 
Reynolds  number  cases. 

2.4.3  The  “Aft-Loaded  LI  A”  LPT  Blade  Airfoil 

Clark  and  Koch  [43]  designed  an  aft-loaded  LPT  blade  airfoil  with  Zw  =  1.23,  a  15% 

increase  in  the  blade  loading  compared  to  the  Highly  Loaded  blade.  The  blade  was  designated  as 

the  “Aft-Loaded  L1A”  LPT  blade  airfoil.  The  axial  chord  length  was  17.76cm  with  an  axial 

solidity  of  0.99.  The  inlet  and  outlet  flow  angle  was  35°  and  60°,  respectively  as  set  with  the 

Highly  Loaded  blade.  The  peak  velocity  location  at  60%  axial  chord  location  had  a  similar  peak 
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velocity  location  as  the  Highly  Loaded  blade  (Figure  2.5(c)).  Yet,  the  adverse  pressure  gradient 
was  much  stronger  than  was  observed  for  the  Highly  Loaded  blade,  which  was  due  to  the 
decrease  in  the  blade  solidity.  This  indicated  that  the  Aft-Loaded  LI  A  blade  will  be  more  prone 
to  flow  separation  on  the  suction  surface  than  both  Lightly  Loaded  and  Highly  Loaded  blades. 


-♦-FSTI  =  3.4%  -■-FSTI  =  0.5% 


Figure  2.10.  Integrated  wake  total  pressure  loss  coefficient  measurements  of  Marks  et  al.  T401 

for  the  Aft-Loaded  LI  A  blade  at  high  and  low  turbulent  intensities 

Marks  et  al.  [35]  experimentally  investigated  the  aerodynamic  characteristics  of  the  Aft- 
Loaded  LI  A  blade  in  the  LSWT.  The  wake  loss  coefficient  and  the  static  pressure  distribution 
along  the  blade  surface  were  measured  at  both  low  and  high  freestream  turbulent  intensities. 
Also,  flow  visualizations  were  completed  using  PIV  measurements  in  the  blade  normal  direction 
at  Re  =  15,000-120,000.  Figure  2.10  shows  the  inlet  Reynolds  number  effect  on  the  integrated 
total  pressure  loss  coefficient  calculated  using  Eq.  2.3  at  both  turbulence  intensity  levels.  The 
loss  profile  for  Tu  =  0.5%  showed  a  gradual  increase  in  the  loss  coefficient  with  decreasing 

Reynolds  number  down  to  Re  «  96,000.  This  was  followed  by  a  more  rapid  rise  at  Re  «  60,000- 
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96,000,  and  then  a  more  gradual  increase  as  Reynolds  number  was  decreased  further.  The  Re  * 
60,000-96,000  region  was  referred  to  as  the  loss  knee  and  its  behavior  was  attributed  to  flow 
separation  without  reattachment  on  the  suction  surface  [44],  The  loss  profile  at  Tu  =  3.4%  has  a 
gradual  increase  in  the  loss  coefficient  with  decreasing  Reynolds  number  compared  to  the  loss 
knee  of  the  Tu  =  0.5%  case.  Also,  the  magnitude  of  the  loss  coefficient  decreased  compared  to 
the  Tu  =  0.5%  case,  which  was  due  to  the  elevated  amount  of  freestream  turbulence  causing  a 
reduction  in  flow  separation  and  lower  total  pressure  loss. 


Figure  2.1 1.  Measurements  of  the  Surface  static  pressure  coefficient  of  Marks  ej  al  1 40 1  for  the  Aft-Loaded  LI  A 

blade  at  high  and  low  turbulent  intensities 


The  surface  static  pressure  coefficient  is  shown  in  Figure  2.11  for  both  low  and  high 
turbulent  intensities.  The  Cp  distribution  at  the  Tu  =  0.5%  indicated  a  separated  flow  region  on 
the  suction  surface  continuing  to  the  blade  trailing  edge  for  all  Reynolds  numbers  shown.  The 
separation  location  was  approximately  57%  axial  chord  for  Reynolds  number  below  60,000  and 
62%  axial  chord  for  the  Re  =  99,000  case.  A  closed  separation  bubble  was  observed  for  the  Tu  = 
3.4%  Cp  measurements  (Fig  2.11(b))  at  Re  =  50,000  and  80,000  which  began  at  approximately 
62%  axial  chord  and  reattached  between  the  78%  and  83%  axial  chord.  The  separated  flow 
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region  starting  at  the  62%  axial  chord  location  extended  all  the  way  to  the  trailing  edge  for  the 


Re  =  25,000  case. 


Figure  2,12.  Mean  velocity  contours  obtained  from  PIV  measurements  and  instantaneous  flow  visualizations 

of  Marks  ej  al  [401  for  the  Aft-Loaded  LI  A  blade  at  Tu  =  0.5% 


The  PIV  measurements  confirmed  the  trends  observed  from  the  behavior  of  the  static 
pressure  distribution.  Figure  2.12  shows  contour  plots  of  the  average  velocity  magnitude 
obtained  using  the  PIV  measurement  technique  including  instantaneous  flow  visualizations  at  Tu 
=  0.5%.  At  the  lowest  Reynolds  number  of  25,000,  the  flow  visualizations  show  that  the 
separated  shear  layer  produced  large  vortices  that  traveled  downstream.  As  the  Reynolds 
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number  was  increased  to  the  Re  =  60,000  and  110,000  cases,  these  vortices  reduced  in  size  and 


transitioned  to  turbulent  vortices.  The  average  velocity  contours  for  all  Reynolds  numbers  did 
not  show  the  unsteady  vortices  as  a  result  of  the  flow  averaging  but,  a  recirculation  region  was 
present  due  to  separated  flow.  In  Figure  2.13,  the  instantaneous  flow  visualizations  at  Tu  =  3.4% 
show  that  at  Re  =  90,000,  the  initially  laminar  flow  boundary  layer  grew  in  thickness  and 
transitioned  to  turbulence.  The  PIV  average  velocity  contour  plot  showed  a  separation  bubble 
present  between  approximately  the  60%  and  85%  axial  chord  locations,  which  was  consistent 
with  the  static  pressure  measurements.  At  the  Re  =  50,000,  the  separation  bubble  region 
increased  in  thickness  and  at  the  Re  =  90,000  case,  the  boundary  layer  became  attached  to  the 
blade  surface  and  underwent  turbulent  transition.  The  flow  remained  separated  without 
reattachment  for  the  Re  =  25,000  case,  similar  to  the  lower  turbulence  intensity  result.  The 
instantaneous  flow  visualizations  showed  vortices  generated  from  the  separated  shear  layer  and 
recirculation  region  present  in  the  PIV  results. 

In  summary,  the  aerodynamic  characteristics  and  performance  at  low  Reynolds  numbers 
were  experimentally  measured  for  each  blade  airfoil.  CFD  models  were  created  based  on  the 
experimental  configuration  of  the  LSWT.  The  experimental  results  presented  here  will  be  used 
to  validate  the  CFD  predictions  and  provide  more  insight  on  the  flow  features  produced  at  low 
Reynolds  numbers. 
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Figure  2.13.  Mean  velocity  contours  obtained  from  PIV  measurements  and  instantaneous  flow  visualizations  of 

Marks  et  al.  1401  for  the  Aft-Loaded  LI  A  blade  at  Tu  =  3.4% 
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CHAPTER  THREE 

3.  Computational  Model  Methodology 

Numerical  methods  used  for  the  current  study  included  grid  generation  techniques,  the 
CFD  numerical  scheme,  the  applied  boundary  conditions,  discussion  on  the  choice  of  turbulence 
models,  CFD  post-processing  methods,  and  computational  resources  available  for  this  study. 
The  design  of  each  LPT  blade  airfoil  will  be  presented  including  a  brief  discussion  of  LPT  blade 
design  parameters.  The  design  of  the  grid  topology  for  LPT  cascade  geometries  will  be 
discussed  including  grid  independence  studies  completed.  The  numerical  schemes  used  within 
the  CFD  solver  are  presented  along  with  appropriate  boundary  conditions.  A  brief  summary  of 
the  current  transitional  flow  model  functionality  is  given  including  transport  equations.  Lastly,  a 
description  of  the  computational  resources  used  to  complete  the  CFD  simulations  including 
computing  platforms  available  for  large  model  simulations  is  provided. 

3.1  Computational  Grid  Design  Method 

One  key  element  in  CFD  for  successful  application  to  the  modeling  of  fluid  flow  is  the 
process  of  grid  construction.  Grids  or  meshes  are  made  of  discrete  elements  or  volumes  where 
the  numerical  form  of  the  conservation  laws  are  applied.  Grid  generation  is  an  important  part  of 
completing  successful  CFD  simulations.  A  well  constructed  grid  greatly  improves  the  quality  of 
the  CFD  solution,  and  conversely,  a  poorly  designed  grid  can  lead  to  difficultly  with  the  CFD 
simulation  and  poor  numerical  results.  Grids  that  contain  elements  that  are  quadrilateral  or 
hexahedral  shaped  cells  are  called  structured  grids.  Unstructured  grids  contain  only  triangular, 
tetrahedral,  pyramidal,  and/or  prismatic  elements.  A  grid  that  contains  both  structured  and 
unstructured  grid  elements  is  as  defined  as  a  hybrid  grid. 

D.  Sanders  61 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

168 

Approved  for  public  release;  distribution  unlimited. 


Chapter  3.  Computational  Model  Methodology 


Structured  grids  have  considerable  advantage  over  other  grid  methods  because  they  allow 
a  high  degree  of  control  and  high  amount  of  skewness  and  stretching  within  a  cell  before  the 
solution  is  drastically  affected.  Also,  a  higher  degree  of  accuracy  is  achieved  because  the  grid  is 
often  aligned  with  the  flow.  Structured  grids  typically  require  a  lower  amount  of  memory  for  a 
given  mesh  size  and  have  faster  convergence  rate  than  unstructured  grid  solvers.  The  main 
drawback  with  structured  grids  is  they  require  more  construction  time  when  dealing  with 
complex  geometries.  Cells  elements  can  become  highly  skewed  and  stretched  in  areas  with  high 
degree  of  curvature  as  are  typically  associated  with  turbine  blade  geometries.  Most  of  the 
current  grid  generation  software  contains  elliptical  solvers  that  can  be  used  to  optimize  grid 
smoothness  and  reduce  the  cell  skewness  on  topologies  containing  a  high  degree  of  curvature. 

Unstructured  grids  use  an  arbitrary  collection  of  elements  to  fill  the  domain,  typically 
with  triangles  for  2D  grids  and  tetrahedrons  for  3D  grids.  Automated  algorithms  within 
unstructured  grids  typically  involve  meshing  the  boundary  and  adding  elements  on  the  boundary 
surface  or  adding  points  in  the  interior  and  reconnecting  the  elements.  The  main  advantage  of 
using  an  unstructured  grid  is  that  the  gridding  method  is  highly  automated  and  requires  less 
construction  time.  They  are  capable  of  handling  complicated  geometries  providing  that  the  CAD 
geometry  is  of  good  quality.  If  the  CAD  model  contains  even  minor  errors,  it  can  cause  grid 
failures  with  the  CFD  solver.  The  triangle  and  tetrahedral  cell  elements  are  usually  isotropic  and 
do  not  stretch  well.  So,  if  refinement  within  a  region  such  as  a  viscous  layer  is  needed,  the  entire 
grid  must  be  made  finer  in  order  to  provide  the  required  grid  resolution.  Unstructured  flow 
solvers  typical  require  more  memory  and  have  longer  run  times  compared  to  structured  flow 
solvers  with  a  similar  mesh  size. 
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Hybrid  grids  are  designed  to  take  advantage  of  positive  aspects  of  both  structured  and 
unstructured  grids.  Typically  hybrid  grids  use  structured  grids  for  the  local  regions,  for  instance 
within  the  boundary  layer,  and  unstructured  grids  in  the  main  flow  domain.  The  hybrid  grid 
method  provide  full  control  of  the  shape  and  distribution  of  the  structured  grid  in  local  regions, 
while  providing  automated  unstructured  cell  creation  in  the  main  flow  region.  Hybrid  grids  do 
require  more  user  expertise  than  unstructured  meshes  for  design  of  the  grid  topology.  CFD  flow 
solvers  using  hybrid  grids  require  the  same  computing  requirements  as  unstructured  grids,  but 
the  overall  cells  size  can  be  reduced  when  compared  to  a  purely  unstructured  grid. 

Both  two-dimensional  and  three-dimensional  hybrid  grid  topologies  were  used  to 
construct  the  CFD  models  for  this  study.  The  topologies  were  designed  to  provide  enough 
resolution  to  capture  the  viscous  effects  within  the  boundary  layer  and  wake  region.  The  grids 
were  designed  to  be  adequately  fine,  and  to  reduce  the  amount  of  computational  time  needed  for 
the  simulations.  The  grid  geometries  were  based  on  the  experimental  cascade  configuration  of 
the  AFRL  Low  Speed  Wind  Tunnel.  The  next  sections  describe  the  grid  construction  technique 
used  for  each  LPT  blade  airfoil  cascade  CFD  model.  Also,  the  three-dimensional  grid  technique 
used  for  the  Highly  Loaded  blade  airfoil  will  be  presented. 

3.1.1  Grid  Technique  for  the  2D  Cascade  CFD  Models 

The  two-dimensional  grid  for  the  cross  section  of  the  each  blade  airfoil  is  shown  in 
Figure  3.1.  The  inlet  and  outlet  of  the  computational  domain  was  placed  one  axial  chord  length 
upstream  and  one  axial  chord  downstream  of  the  blade  leading  and  trailing  edge,  respectively, 
for  the  Lightly  Loaded  and  Highly  Loaded  blades.  The  inlet  domain  was  located  22.86  cm  from 
leading  edge  of  the  Aft-Loaded  LI  A  blade,  while  the  outlet  domain  was  placed  two  axial  chords 

downstream  in  the  streamwise  direction  of  the  blade  trailing  edge.  The  location  of  the  inlet  and 
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outlet  domains  was  placed  far  enough  from  the  LPT  blade  to  encompass  the  experimental  loss 
coefficient  measurement  locations.  The  mid-passage  flow  around  the  blade  airfoil  was  modeled 
with  the  passage  length  equal  to  the  blade  pitch.  Periodic  boundaries  were  applied  to  model  an 
infinite  cascade. 


Figure  3.1.  Two  dimensional  hybrid  Q-H  grid  of  the  (a)  Lightly  Loaded,  (b)  Highly  Loaded,  and  (c)  Aft-Loaded 

LI  A  LPT  blade  airfoils 


CFD  Model 

O-Grid 

Dimensions 

H-Grid 

Dimensions 

Cells 

Aft-Loaded  L1A  Blade  with  Wake  Generators 

Lightly  Loaded 
Blade 

1749x110 

33,209 

221,081 

Domain 

O-Grid 

Dimensions 

H-Grid 

Dimensions 

Total  Cells 

Highly  Loaded 
Blade 

1749x67 

44,091 

150,392 

Inflow 

733 

172,904 

Aft-Loaded 
L1A  Blade 

1099x71 

16,399 

108,011 

Wake 

Generator 

249x46 

20,266 

3D  Highly 
Loaded  Blade 

1099x67x51 

15,698x51 

5,116,700 

Aft-Loaded 
L1A  Blade 

1099x71 

23,018 

Table  3.1.  Grid  Dimensions  of  each  Cascade  CFD  Model 


The  computational  meshes  used  consisted  of  a  hybrid  O-H  grid  topology  created  with 
Gridgen®  15  mesh  generation  software  (Figure  3.1).  A  structured  O-grid  was  extruded  normal  to 
each  blade  surface  in  order  to  provide  the  resolution  needed  to  resolve  the  boundary  layer.  The 

first  cell  wall  distance  was  such  that  the  y+  was  less  than  unity  at  every  grid  point  around  the 
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blade  airfoil  surface,  satisfying  the  y+  tolerance  requirement  for  the  transitional  flow  model.  The 
average  aspect  ratio  for  each  grid  topology  was  6.5:1,  but  was  as  high  as  30:1  in  cells  close  to  the 
blade  surface.  An  unstructured  mesh  was  placed  in  the  main  flowpath  consisting  of  triangles 
generated  by  a  modified  Delauney  method.  Triangular  cell  clustering  was  increased  to  provide 
enough  resolution  for  the  wake  region  generated  by  the  trailing  edge.  Table  3.1  shows  the  grid 
dimensions  for  the  structured  O-grid  and  unstructured  H-grid  for  each  LPT  blade  airfoil. 


Figure  3.2.  Comparison  of  the  total  pressure  loss  coefficient  for  the  Lightly 

Loaded  blade  airfoil  at  different  grids  spatial  resolutions 

A  grid  independence  study  was  completed  using  the  Lightly  Loaded  blade  mesh  to 
determine  if  the  selected  meshing  scheme  provides  enough  spatial  resolution  to  capture  the 
features  of  the  flowfield  within  the  computational  domain.  Two  additional  grid  topologies  were 
created  by  increasing  and  decreasing  the  number  of  nodes  on  the  blade  surface  and  in  the  main 
flowfield  by  50%  while  maintaining  the  same  hybrid  O-H  grid  topology.  The  coarse  and  fine 
grids  contained  94,846  and  451,866  cells,  respectively  while  the  baseline  grid  contained  238,230 
cells.  All  three  grid  topologies  were  used  in  a  computation  at  an  inlet  Reynolds  number  of 

50,000,  with  an  inlet  freestream  turbulence  intensity  of  1%,  and  an  average  turbulent  length  scale 
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of  5  mm  using  a  2nd  order  spatial  accurate  steady  flow  pressure-based  solver  in  Fluent  6.3®.  The 
y+  was  less  than  unity  around  the  blade  surface  and  the  turbulent  transition  point  was  the  same 
for  all  three  grid  topologies.  The  wake  total  pressure  loss  coefficient  in  Figure  3.2  shows  the 
effect  of  the  wake  distribution  at  the  different  grid  spatial  resolutions.  The  results  from  the 
coarse  grid  showed  a  distorted  total  pressure  loss  coefficient  due  to  the  low  cell  count  in  the 
wake  region  while  the  baseline  and  fine  grid  indicated  a  similar  total  pressure  loss  coefficient 
distribution.  The  fine  grid  has  only  2%  difference  in  prediction  of  the  peak  loss  coefficient, 
while  the  coarse  grid  has  15%  difference  compared  to  the  baseline  grid.  This  indicated  that  the 
baseline  grid  provided  enough  spatial  resolution  to  capture  the  effects  of  the  flowfield  in  the 
boundary  layer  and  within  the  wake.  The  additional  grid  points  in  the  fine  grid  were  not  needed, 
thus  making  the  overall  grid  size  smaller  and  reducing  the  computational  cost  of  running 
simulations.  Based  on  these  results,  the  resolution  provided  with  the  baseline  meshing  scheme 
was  used  for  all  three  cascade  CFD  models. 


Figure  3.3.  (a)  Grid  of  the  Highly  Loaded  blade  with  the  extended  outlet  and  (b)  loss  coefficient  comparison 

of  the  baseline  grid  to  the  extended  outlet  grid 
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The  length  of  the  outlet  domain  from  the  trailing  edge  was  varied  using  the  Highly 
Loaded  blade  grid  to  determine  how  far  the  outlet  boundary  needed  to  placed  from  the  simulated 
wake  measurement  location.  A  grid  shown  in  Figure  3.3(a)  was  created  that  placed  the  outlet 
boundary  two  axial  chord  lengths  in  the  streamwise  direction  from  the  blade  trailing  edge  while, 
the  baseline  grid  outlet  boundary  was  one  axial  chord  length  from  the  blade  trailing  edge  (Fig. 
3.1(b)).  Unsteady  simulations  were  completed  at  a  Re  =  50,000  at  an  inlet  freestream  turbulence 
intensity  of  0.6%  and  average  turbulent  length  scale  of  50  mm.  The  total  pressure  loss 
coefficient  was  measured  across  the  pitch  length  using  a  200  point  simulated  rake  placed  one 
axial  chord  length  from  the  blade  trailing  edge.  Figure  3.3(b)  compares  the  loss  coefficient 
obtained  from  the  baseline  grid  to  the  extend  outlet  grid.  There  was  a  3%  difference  the 
prediction  in  the  peak  loss  coefficient  for  the  extended  outlet  grid  compared  to  the  baseline 
result.  Based  on  these  results,  the  baseline  grid  outlet  boundary  was  judged  to  be  the  correct 
length  from  the  blade  trailing  edge  to  provide  adequate  measurements  of  wake  region  at  a 
reduced  overall  grid  size. 

3.1.2  Aft-Loaded  LI  A  Blade  with  Upstream  Wake  Generators 


Figure  3.4.  Two  dimensional  hybrid  Q-H  grid  of  the  Aft-Loaded  LI  A  blade  with  upstream  wake  generators 
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A  CFD  grid  of  the  Aft-Loaded  LI  A  blade  with  upstream  wake  generators  was 
constructed  based  on  the  experimental  setup  of  Nessler  et  al.  [40].  The  grid  consisted  of  a 
modified  hybrid  O-H  grid  of  the  Aft-Loaded  LI  A  blade  as  shown  in  Figure  3.4.  The  inlet  to  the 
LI  A  blade  domain  was  reduced  to  1.53cm  in  the  axial  direction  from  blade  leading  edge.  Also, 
the  number  of  cells  within  the  unstructured  H-grid  was  increased  to  resolve  the  unsteady  viscous 
effects  within  this  region.  The  outlet  of  the  Aft-Loaded  L1A  blade  domain  was  placed  2  axial 
chord  lengths  downstream  of  the  trailing  edge  in  the  streamwise  direction  to  encompass  the 
experimental  loss  coefficient  measurement  location. 

Another  hybrid  O-H  grid  for  a  circular  cylinder  with  a  diameter  of  0.318cm  was  placed 
upstream  of  the  L1A  blade.  The  center  of  the  cylinder  was  placed  a  distance  of  8.88cm  in  the 
axial  flow  direction  from  the  leading  edge  of  the  Aft-Loaded  L1A  blade.  The  cylinder  was  used 
to  generate  unsteady  wakes  similar  to  the  actual  wakes  generated  from  an  upstream  LPT  vane. 
The  cylinder  grid  was  translated  in  order  to  simulate  the  effect  of  a  passing  wake  from  the 
upstream  vane.  The  translating  motion  of  the  circular  cylinder  was  modeled  using  the  sliding 
mesh  technique  within  Fluent  12.0.  Interface  zones  were  set  up  at  the  inlet  and  outlet  of  the 
circular  cylinder  domain  at  the  points  where  the  domain  was  moved  relative  LI  A  blade  domain. 
The  inlet  boundary  was  placed  22.86cm  in  the  streamwise  direction  from  the  cylinder  center. 
The  shape  of  the  cylinder  domain  was  based  on  the  inlet  relative  flow  angle,  /?  =  62.54°,  which 
corresponded  to  a  flow  coefficient  (O  =  uaxiai/urod )  of  0.817  and  cylindrical  rod  speed,  umd  =  - 
2.298m/sec  as  set  in  the  experimental  [40]  results.  A  structured  O-grid  was  placed  around  the 
cylinder  and  the  unstructured  H-grid  was  placed  in  the  flowpath  and  the  cylinder  wake  region. 
The  unstructured  cell  count  and  clustering  was  made  fine  enough  to  resolve  the  small  vortical 
structures  produced  from  the  cylinder  (Fig.  3.4). 
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3.1.3  Grid  Technique  for  the  3D  Cascade  CFD  Models 

Figure  3.5  shows  the  three-dimensional  grid  domain  for  the  Highly  Loaded  blade.  The 
baseline  two-dimensional  structured  O-grid  dimensions  were  (1099x67)  and  the  unstructured  H- 
grid  contained  15,698  cells  in  the  main  flowpath.  The  O-grid  dimensions  were  reduced 
compared  to  the  two-dimensional  grid  topology  in  order  to  reduce  the  overall  size  of  the  grid  and 
conserve  computational  resources.  The  grid  was  created  by  taking  the  original  two-dimensional 
grid  and  performing  a  geometric  extrusion  to  20%  of  the  axial  chord  length  in  the  spanwise 
direction.  The  length  of  the  spanwise  extent  of  the  Highly  Loaded  blade  was  based  on  the 
recommendations  suggested  by  Rizzetta  and  Visbal  [45],  The  grid  provided  enough  spanwise 
distance  to  resolve  the  effects  of  spanwise  instabilities,  while  keeping  the  grid  size  reasonable  for 
successful  completion  of  unsteady  computations.  The  final  three-dimensional  structured  O-grid 
dimensions  were  (1099x67x51)  with  the  unstructured  H-grid  contained  prism-shaped  cells  with 
the  dimensions  of  (33,209x51).  Prism-shaped  cells  were  used  instead  of  tetrahedral  cells  in  order 
reduce  overall  cell  count  while  maintaining  cell  quality  and  to  reduce  the  three-dimensional  cells 
skewness.  The  total  grid  size  was  5,1 16,700  cells. 


Figure  3.5.  Three-dimensional  hybrid  Q-H  grid  of  the  Highly  Loaded  LPT  blade  airfoils 
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3.2  CFD  Numerical  Scheme 

CFD  simulations  were  performed  using  ANSYS  Fluent  6.3®  which  is  based  on  a  finite 
volume  method.  The  domain  was  discretized  onto  a  finite  set  of  control  volumes  and  the  general 
conservation  equations  for  mass  and  momentum  were  solved  on  this  set  of  control  volumes.  The 
partial  differential  equations  based  on  the  RANS  equations  shown  in  Eq.(3.1)  and  Eq.  (3.2)  were 
discretized  algebraically  and  solved  for  the  mapping  of  the  flowfield. 


All  solution  variables  represent  ensemble  or  time  averaged  values.  The  Reynolds  stress  term 
-  pu'iUj  is  resolved  according  to  the  chosen  turbulence  model  in  order  to  close  the  equation.  The 

RANS  equations  were  discretized  using  the  pressure-based  coupled  algorithm  which  solved  a 
coupled  system  of  equations  comprising  the  momentum  equations  and  the  pressure-based 
continuity  equation. 

Steady  flow  solutions  were  initialized  based  on  the  inlet  boundary  conditions  and 
iteratively  run  with  a  first-order  upwind  scheme  until  the  residual  tolerance  for  continuity,  linear 
momentum,  and  turbulence  variables  were  below  10'4.  Then  the  second-order  upwind 
discretization  scheme  was  used  until  the  minimum  convergence  tolerance  for  all  flow  parameters 
was  below  10'5.  Also,  the  drag  and  lift  coefficients  were  monitored  to  determine  if  the  steady 
state  solution  was  adequately  converged.  Unsteady  flow  cases  were  initialized  with  the  first- 
order  discretization  steady  flow  solutions  and  run  using  a  second-order  upwind  spatial 

discretization  with  a  second-order  implicit  temporal  solver.  Time  steps  were  chosen  in  order  to 
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obtain  enough  temporal  resolution  to  allow  the  solution  to  converge  locally  within  20-30 
iterations  per  time  step. 

The  sliding  mesh  model  was  used  in  order  to  simulate  the  translating  motion  of  the  wake 
generators  placed  upstream  of  the  Aft-Loaded  LI  A  blade.  The  relative  motions  of  stationary  and 
rotating  components  were  accounted  for  using  the  sliding  mesh  models.  It  is  the  most  accurate 
method  for  simulating  flows  in  multiple  moving  reference  frames  and  yet  the  most 
computationally  demanding.  Unsteady  interactions  due  to  the  potential  flowfield,  and 
convecting  wakes  needed  to  be  accounted  for,  so  a  time-dependent  solution  procedure  was 
required.  Each  cell  zone  was  bounded  by  at  least  one  “interface  zone”  where  it  met  the  opposing 
cell  zone.  The  interface  zones  of  adjacent  cell  zones  are  associated  with  each  other  to  form  a 
“grid  interface”.  The  two  cell  zones  will  move  relative  to  each  other  along  the  grid  interface  in 
discrete  steps  during  the  calculation.  The  flux  at  the  interface  was  computed  using  the 
intersection  between  interface  zones  at  each  new  time  step.  The  resulting  intersection  produced 
one  zone  with  fluid  cells  on  both  sides  and  one  or  more  periodic  zones.  The  number  of  faces  in 
these  intersection  zones  will  vary  as  the  interface  zones  moves  relative  to  each  other.  Grid 
interfaces  were  set  up  at  the  inlet  and  outlet  of  the  wake  generator  domain. 

3.3  The  Choice  of  Turbulence  Model 

The  choice  of  the  turbulence  model  was  known  to  be  critically  important  for  success  in 
predicting  the  turbine  blade  flowfields  at  low  Reynolds  numbers.  Section  1.3.3  reviewed  the 
feature  of  turbulence  models  that  were  candidates  for  selection  for  the  present  investigation.  It 
was  decided  that  the  model  that  promised  the  best  accuracy,  and  that  could  be  readily  applied 
without  the  need  of  code  development  for  implementation  would  be  used.  All  turbulence  models 

already  implemented  within  available  CFD  software  were  researched  to  determine  which  could 
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best  provide  the  prediction  capability  needed  for  this  study.  To  close  on  the  selection,  a  test  case 
described  in  Section  3.3.1  below  of  the  flow  over  the  Lightly  Loaded  blade  airfoil  was  simulated. 
Three  turbulence  models  were  evaluated;  the  Realizable  k-s  [46]  model  with  enhanced  wall 
treatment,  Menter’s  k-co(SST)  turbulence  model  [46]  using  a  low  Reynolds  number  correction  to 
the  turbulent  viscosity,  and  the  Walters  and  Leylek  [2]  k-kL-co  transitional  flow  model.  The 
Realizable  k-s  model  was  tested  because  it  was  known  to  provide  improved  prediction  of 
turbulent  flows  involving  rotation,  boundary  layers  under  strong  pressure  gradients,  separation, 
and  recirculation  [46].  The  Realizable  k-s  model  transport  equations  are  calculated  using  Eq. 
(3.3)  and  (3.4) 
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The  k-aXSST)  turbulence  model  was  examined  because  it  is  known  to  be  more  accurate  for 
adverse  pressure  gradient  flows  and  has  a  low  Reynolds  number  correction  to  the  turbulent 
viscosity.  This  feature  dampens  the  production  of  the  turbulence  and  reduces  the  possibility  of 
over-prediction  of  viscous  effects  for  flows  that  may  not  be  fully  turbulent.  The  Realizable  k-s 
model  transport  equations  are  calculated  using  Eq.  (3.5)  and  (3.6) 
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All  auxiliary  equations  and  constants  are  given  in  the  ANSYS  Fluent®  User’s  Manual  [46]  for 
both  the  Realizable  k-s  and  k-afSST )  turbulence  models.  In  the  end,  the  model  judged  to  have 
the  most  potential  to  provide  the  prediction  capability  needed  was  the  Walters  and  Leylek  [2]  k- 
kL-co  transitional  flow  model.  This  turbulence  model  was  designed  to  model  the  laminar- to- 
turbulent  transition  process  using  three  transport  equations.  The  k-kL-co  model  was  implemented 
in  Ansys®  Fluent  6.3.26  as  a  beta  version. 

3.3.1  Comparisons  of  the  RANS  Turbulence  Models 

The  inlet  Reynolds  number  was  set  to  100,000  using  the  Lightly  Loaded  blade  airfoil 
with  inlet  turbulence  intensity  of  1%  and  inlet  turbulent  length  scale  of  10.4  mm.  The  transition 
to  turbulence,  the  boundary  layer  integral  parameters,  and  the  wake  total  pressure  loss  coefficient 
were  compared  for  all  three  turbulence  models.  Figure  3.6  shows  the  turbulent  kinetic  energy 
around  the  blade  suction  surface  for  the  three  RANS  turbulence  models.  A  sudden  increase  in 
the  magnitude  of  the  turbulent  kinetic  energy  was  used  as  an  indicator  of  the  turbulent  transition 
point.  The  k-afSST)  and  the  k-kL-co  model  both  produced  transition  at  65%  axial  chord.  The  k- 
ofSST)  model  generated  much  less  turbulent  kinetic  energy  after  the  transition  point  when 
compared  to  the  k-kL-co  model.  It  was  discovered  that  the  specific  dissipation  rate  around  the 
blade  surface  was  higher  for  the  k-ofSST)  model  than  for  the  k-kL-co  model.  So,  the  turbulent 
kinetic  energy  that  was  being  generated  in  the  boundary  layer  was  being  converted  into  viscous 
losses  at  a  much  higher  rate  than  the  k-kL-co  model.  The  k-ofSST )  model  was  not  designed  to 
model  the  laminar-to-turbulent  transitional  flow  process  within  its  transport  equations,  making  it 
less  desirable  for  the  purpose  of  completing  the  goals  of  this  research  program.  In  contrast,  the 
k-s  model  became  turbulent  from  the  leading  edge  and  exhibited  no  transition  behavior,  which  is 
not  the  correct  boundary  layer  behavior  for  these  types  of  flows. 
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Figure  3.6.  Turbulence  model  comparison  of  the  suction  surface  turbulent  kinetic 

energy  at  Re  =  100,000,  Tu  =1%,  L  =  1 0.4mm  for  the  Lightly  Loaded  blade  airfoil 


Figure  3.7.  Comparison  of  the  boundary  layer  integral  parameters  of  all  three  turbulence  models  at 

Re  =  100,000  for  the  Lightly  Loaded  blade  airfoil 


Boundary  layer  integral  parameters  were  calculated  from  the  velocity  profiles  at  four 
axial  chord  locations  of  65.3%,  79.4%,  91.3%,  and  100%  normal  to  the  Lightly  Loaded  blade 
airfoil  surface.  Figure  3.7  compares  the  predicted  boundary  layer  thickness,  displacement 
thickness,  and  momentum  thickness  for  all  three  turbulence  models.  The  k-s  model  result  has  the 

largest  boundary  layer  thickness  because  the  boundary  layer  was  fully  turbulent  from  the  leading 
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edge.  This  resulted  in  a  faster  growth  of  the  boundary  layer  thickness  than  for  the  boundary 
layers  undergoing  transition  as  with  the  k-co(SST)  and  k-ki-co  models.  The  momentum  thickness 
plot  showed  that  the  k-s  model  yielded  a  higher  momentum  loss  than  both  the  k-oiSST)  and  k-kL- 
co  models,  indicating  a  more  turbulent  boundary  layer.  The  boundary  layer  thickness  for  the  k- 
co(SST)  and  k-kL-co  models  were  in  good  agreement  with  each  other  until  the  100%  axial  chord 
location,  where  the  boundary  layer  of  the  k-kfcom odel  grew  at  a  higher  rate  after  transitioning  to 
turbulence.  The  k-co(SST ')  model  exhibited  a  higher  displacement  and  momentum  thickness 
which  indicated  a  larger  mass  deficit  in  the  boundary  layer  with  a  slightly  higher  momentum  loss 
as  compared  to  the  k-ki-a>  model.  This  was  attributed  to  the  large  amount  of  specific  dissipation 
produced  in  the  boundary  layer  from  the  k-co(SST)  model.  Even  though  the  flow  was  transitional, 
the  high  specific  dissipation  rate  produced  more  viscous  losses  in  the  boundary  layer,  which 
resulted  in  larger  mass  deficit  and  momentum  loss  than  the  k-kL-co  model. 

The  total  pressure  loss  coefficient  plot  shown  in  Figure  3.8  indicated  that  the  k-s  model 
produced  the  highest  amount  of  total  pressure  loss  because  the  flow  was  predicted  as  fully 
turbulent.  The  high  momentum  loss  observed  in  the  boundary  layer  created  a  larger  total 
pressure  loss  in  the  wake  region,  which  was  over-predicted  compared  to  the  experimental  results 
[36].  The  most  interesting  result  was  for  the  case  using  the  k-co(SST)  model.  The  total  pressure 
loss  was  as  high  as  the  fully  turbulent  k-s  model  even  though  the  boundary  layer  exhibited 
transitional  flow  behavior.  The  momentum  loss  was  slightly  higher  in  the  boundary  layer  than 
with  the  k-kL-co  model.  This  again  can  be  attributed  to  the  specific  dissipation  present  in  the 
wake  for  the  k-co(SST)  model  which  was  observed  to  be  about  20  times  larger  than  the  level 


D.  Sanders  75 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

182 

Approved  for  public  release;  distribution  unlimited. 


Chapter  3.  Computational  Model  Methodology 


predicted  with  the  k-kL-co  model.  Agreement  with  respect  to  the  experimental  results  was 
calculated  using  Eq.  (3.7) 


%  agreement 
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xlOO 
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where  X  is  the  compared  flowfield  parameter.  The  total  pressure  loss  prediction  made  with  the 
k-kL-co  model  achieved  98%  agreement  with  the  experimental  results  [36]  for  the  peak  value  of 
the  loss  coefficient  while  the  k-s  and  k-co(SST )  models  obtained  17%  and  20%  agreement, 
respectively.  When  compared  to  the  integrated  value  of  the  loss  coefficient,  the  k-ku-co  model 
showed  99%  agreement  with  the  experimental  results.  The  k-s  and  k-co(SST )  model  produced  a 
56%  and  96%  agreement,  respectively  with  the  experimental  result  in  the  prediction  of  the 
integrated  loss  coefficient.  Thus,  the  k-kL-co  model  achieved  the  best  agreement  with 
experimental  results  for  the  prediction  of  the  amount  of  viscous  losses  produced  and  the 
magnitude  of  the  total  pressure  loss  in  the  wake  region.  So,  this  demonstrated  that  for  the 
turbulence  models  evaluated,  the  k-kL-co  transitional  flow  model  has  superior  ability  to  predict 
transitional  flow  behavior  associated  with  low  Reynolds  number  flows  than  the  k-s  and  k-co(SST) 
turbulence  models.  The  Walters  and  Leylek  [2]  k-kL-co  transitional  flow  model  was  chosen  as  the 
turbulence  model  to  be  used  in  this  study  because  it  was  shown  to  be  an  effective  model  for 
laminar-to-turbulent  transitional  flow  and  was  considered  more  suitable  for  the  successful 
completion  of  the  research  program  goals. 
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Comparison  of  Total  Pressure  Loss  Coefficient  using  Different  Turbulence  Models 


Pitchwise  Location  (cm) 


Figure  3.8.  Comparison  of  total  pressure  loss  coefficient  for  turbulence 

models  at  Re  =  100,000,  Tu  =  1%  for  the  Lightly  Loaded  blade  airfoil 


Turbulence 

Model 

Integrated  Total  Pressure 
Loss  Coefficient 

CFD 

Garmoe  [36] 

k-kL-co 

0.1033 

0.1026 

k-co(SST) 

0.1066 

k-e 

0.1473 

Table  3.2.  Turbulence  model  comparison  of  the  integrated  total  pressure  loss 

coefficient  with  the  experimental  T36,  401  results  for  the  Lightly  Loaded  blade  airfoil 

Recently,  an  updated  version  of  the  k-kL-co  model  has  been  fully  integrated  in  the  newest 
software  release  as  Ansys®  Fluent  12.0.  CFD  simulations  of  the  Lightly  Loaded  and  Highly 
Loaded  blades  were  completed  using  the  Fluent  6.3  version  of  the  k-kL-co  model  while  all 
simulation  of  the  Aft-Loaded  L1A  blade  were  completed  using  the  Fluent  12.0  version  of  the 
model.  This  version  was  used  for  the  simulations  using  the  Aft-Loaded  LI  A  blade  because  only 
the  Fluent  12.0  version  of  the  model  can  be  used  in  combination  with  the  sliding  mesh  model, 
which  was  needed  for  the  Aft-Loaded  L1A  blade  simulations  using  the  passing  wake  generators. 
Flowfield  comparisons  of  the  Aft-Loaded  L1A  blade  were  made  using  the  6.3  and  12.0  versions 

Fluent  with  the  Walters  and  Leylek  [2]  k-kL-co  model  and  are  discussed  in  Appendix  I.  In 
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summary,  the  Fluent  12.0  version  of  the  model  showed  similar  results  to  the  Fluent  6.3  version 
for  unsteady  prediction  of  the  flowfield  at  low  turbulent  intensities,  but  it  showed  improved 
prediction  of  the  blade  loading  and  flowfield  at  higher  turbulent  intensities  with  respect  to  Fluent 
6.3  version  of  model. 

3.4  CFD  Boundary  Conditions 

CFD  boundary  conditions  were  set  to  mirror  the  experimental  cascade  test  conditions. 

The  inlet  boundary  condition  for  the  steady  flow  cases  was  specified  as  a  total  pressure  inlet 

where  static  pressure  was  set  according  to  an  experimentally  determined  value  of  98870  Pa.  The 

inlet  total  pressure  reflected  the  chosen  Reynolds  number  based  on  the  axial  chord.  Unsteady 

cases  used  a  mass  flow  inlet  boundary  condition  permitting  the  total  pressure  to  be  calculated 

from  the  interior  solution  which  aided  the  local  convergence  per  time  step.  The  mass  flow  was 

calculated  based  on  the  normal  component  of  the  velocity  and  inlet  domain  length  (kg/sec- m). 

Simulations  were  run  for  a  Reynolds  number  range  of  10,000-100,000.  The  axial  and  tangential 

components  of  the  flow  direction  were  set  based  on  the  design  inlet  flow  angle  for  each  blade. 

The  inlet  flowfield  was  uniformly  distributed  across  the  pitch  length  of  the  inlet  boundary  as 

measured  by  the  experimental  results.  The  experimental  cascade  blade  airfoil  geometries  were 

scaled-up,  causing  the  inlet  Mach  number  to  be  less  than  0.03  for  a  given  inlet  Reynolds  number. 

Each  blade  airfoil  in  the  CFD  model  had  the  same  dimensions  as  the  blade  airfoil  used  in  the 

LSWT.  The  flow  was  assumed  to  be  incompressible  in  the  CFD  simulations  because  of  the  low 

Mach  number.  The  inlet  turbulence  intensity  and  turbulent  length  scale  were  chosen  based  on 

user  specification  or  experimental  values,  when  available.  The  inlet  laminar  kinetic  energy  was 

set  to  10'6  m /sec  in  accordance  with  specifications  of  the  turbulence  model.  No-slip  conditions 

were  assigned  to  the  blade  surface,  and  turbulence  parameters  used  a  zero-flux  boundary 
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condition.  The  initial  static  pressure  boundary  condition  at  the  outlet  was  estimated  using 
conservation  of  mass  of  the  axial  velocity,  the  ideal  outlet  flow  angle,  and  the  assumption  that  no 
total  pressure  loss  occurred  between  the  inlet  and  outlet  planes  following  Eq.  (3.8)  and  (3.9). 


C0S(«J 

_cos(«0J_ 


(3.8) 


Pou,  =  Po~\pu2ou,  (3.9) 

This  assumption  of  the  outlet  static  pressure  provided  an  initial  guess  for  the  pressure- 
based  solver  and  was  adjusted  during  the  calculation  to  account  for  the  actual  total  pressure  loss. 
The  target  mass  flow  rate  option  was  implemented  at  the  pressure  outlet  for  the  steady  flow 
solutions  in  order  to  adjust  the  pressure  at  the  outlet  to  meet  the  mass  flow  rate.  The  target  mass 
flow  rate  option  was  not  used  for  the  unsteady  cases  because  the  mass  flow  was  set  in  the  inlet 
boundary  condition. 


3.5  Computational  Resources 

The  computational  resources  shown  in  Figure  3.9  for  this  work  were  provided  by  the  U.S. 
Department  of  Defense,  AFRL  Distributed  Computing  Research  Center,  High  Performance 
Computing  facility  at  Wright-Patterson  AFB,  OH.  Three  different  supercomputing  systems  were 
available  for  performing  the  CFD  simulations.  The  HP  XC  Opteron  high  performance  super¬ 
computer  has  2048  AMD®  Opteron  2.8GHz  processors  with  2  Gigabytes  of  memory  per 
processor.  The  SGI  Altix  3700  super-computer  has  2048  Intel®  Itanium  2,  1.6GHz  processors 
with  1  Gigabyte  of  memory  per  processor.  The  largest  super-computing  system  is  the  SGI  Altix 
4700  with  9216  core  processors  and  2  or  4  Gigabytes  of  memory  per  processor.  There  are  two 
cores  per  1.6GHz  Intel®  Itanium2  processor. 
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The  double-precision  parallel  version  of  Fluent  6.3®  was  run  on  a  HP  XC  Opteron  super¬ 
computer  for  two-dimensional  cascade  simulations.  A  total  of  8-10  processors  were  used  for  the 
steady  simulations  and  16-32  processors  for  the  transient  two-dimensional  cascade  simulations. 
The  three-dimensional  cascade  simulations  were  run  on  the  SGI  Altix  4700  using  80-104 
processors. 


Figure  3.9.  AFRL  Major  Shared  Resource  Center  HP  XC  Opteron  (top  left),  SGI  Altix  3700  (top  right), 

and  SGI  Altix  4700  (bottom  center)  Super-Computers 


3.6  CFD  Post  Processing  and  Analysis 

Once  the  CFD  simulations  were  completed,  a  number  of  different  software  tools  were 
used  to  complete  the  analysis  of  the  CFD  results.  Mathematical  rakes  were  created  in  Fluent 
using  the  Rake  Creation  Tool  for  measurements  of  flow  quantities.  The  locations  of  these  rakes 
correspond  to  the  same  measurement  locations  as  the  experimental  rakes.  Table  3.2  shows  the 
location  of  rakes,  total  length,  and  total  number  of  points  for  each  CFD  model.  Text  files 
containing  the  CFD  rake  data  were  exported  from  Fluent  to  a  Microsoft®  Excel  file  for  further 
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analysis.  Two-dimensional  plots  were  made  within  Microsoft®  Excel  or  using  Mathworks® 
Matlab  2008. 

Flow  visualizations  were  completed  using  Intelligent  Light®  FieldView  12.0  CFD  post¬ 
processing  and  visualization  software.  FieldView  files  (.fvuns  &  .fvuns.fvreg)  were  exported 
from  Fluent  after  the  completion  of  steady  flow  simulations  or  during  calculations  for  unsteady 
simulations  every  10-20  time-steps.  Contour  plots  and  animations  were  made  to  visualize  steady 
and  unsteady  aerodynamic  flow  characteristics. 


CFD  Model 

Rake  Type 

Total  Pts. 

Length 

Location 

Lightly  Loaded 
Blade 

Inlet 

200 

One  pitch  length 

One  Cx  from  leading  edge  (streamwise) 

Outlet  Wake 

200 

One  pitch  length 

One  Cx  from  trailing  edge  (streamwise) 

Boundary  Layer 

300 

30.0cm 

65.3%  Cx,  79.4%  Cx,  91.3%  Cx,  100%  Cx 
(normal  to  blade  surface) 

Highly  Loaded 
Blade 

Inlet 

200 

One  pitch  length 

One  Cx  from  leading  edge  (streamwise) 

Outlet  Wake 

200 

One  pitch  length 

One  Cx  from  trailing  edge  (streamwise) 

Boundary  Layer 

300 

30.0cm 

67.2%  CX)  73.0%  Cx,  79.3%  Cx,  84,8%  CX) 
89.8%  Cx,  95.0%  Cx, 

(normal  to  blade  surface) 

Aft-Loaded  L1A 
Blade 

Inlet 

200 

One  pitch  length 

22.86cm  from  leading  edge  (streamwise) 

Outlet  Wake 

200 

One  pitch  length 

25.4cm  from  trailing  edge  (streamwise) 

Boundary  Layer 

300 

30.0cm 

57.0%  Cx,  58.8%  Cx,  60.4%  Cx,  65.5%  Cx, 
70.0%  Cx,  74.1%  Cx,  79.4%  Cx,  85.0%  Cx, 
89.0%  Cx,  94.2%  Cx  (normal  to  blade 
surface) 

Aft-Loaded  L1A 
Blade  with  Wake- 
Generators 

Inlet 

200 

One  pitch  length 

21.27cm  from  cylinder  center  (streamwise) 

Outlet  Wake 

200 

One  pitch  length 

17.46cm  from  trailing  edge  (streamwise) 

Boundary  Layer 

300 

30.0cm 

57.0%  Cx,  58.8%  Cx,  60.4%  Cx,  65.5%  Cx, 
70.0%  Cx,  74.1%  Cx,  79.4%  Cx,  85.0%  Cx, 
89.0%  Cx,  94.2%  Cx  (normal  to  blade 
surface) 

Point  Probe 

1 

Mid-pitch  at  the  blade  leading  edge  axial 
location 

Table  3.3.  CFD  mathematical  rake  measurement  locations  created  in  Fluent  CFD  software 
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CHAPTER  FOUR 

4.  The  Lightly  Loaded  Blade  CFD  Results 

The  Lightly  Loaded  blade  geometry  was  used  for  the  initial  baseline  study  because  of  its 
low  blade  loading  level.  As  previously  described,  it  was  used  to  determine  which  RANS 
turbulence  model  within  Fluent  was  the  most  capable  for  the  prediction  of  low  Reynolds  number 
aerodynamic  flow  effects.  To  obtain  the  following  results  of  this  Section,  the  Walters  and 
Leylek  [2]  k-ki-co  model  was  applied  to  flows  over  a  Reynolds  number  range  of  15,000-100,000 
using  the  Lightly  Loaded  blade  airfoil.  The  simulation  results  were  compared  to  available  data 
from  experimental  studies  to  determine  if  total  pressure  loss  was  successfully  predicted. 
Additionally,  parametric  studies  of  the  k-kL-co  model  sensitivity  to  inlet  freestream  turbulence 
intensity  and  turbulent  length  scale  were  conducted  to  investigate  how  the  inlet  turbulence 
parameters  affect  boundary  behavior  and  total  pressure  loss. 

4.1  Performance  Prediction  at  Different  Inlet  Reynolds  Numbers 

The  Lightly  Loaded  blade  airfoil  flow  was  simulated  at  individual  Reynolds  numbers  of 

100,000,  75,000,  50,000,  40,000,  and  15,000  to  determine  if  the  k-kL-co  transitional  flow  model 
could  adequately  predict  the  varying  Reynolds  number  performance.  The  inlet  freestream 
turbulence  intensity  for  the  CFD  simulations  was  set  to  the  average  inlet  turbulence  intensity 
measured  in  the  experimental  [36]  results  with  the  turbulent  length  scale,  lm  =  5mm.  The  steady 
and  time-mean  velocity  contour  plots  at  each  inlet  Reynolds  number  are  shown  in  Figure  4.1. 
The  flow  around  the  Lightly  Loaded  blade  airfoil  behaved  similarly  at  Reynolds  number  from 
100,000  to  50,000,  where  the  flow  was  predicted  as  transitional  and  boundary  layer  was  well 

attached  to  the  blade  surface  producing  a  turbulent  wake  similar  to  Figure  4.3(c).  The  freestream 
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length  scales  as  modeled  by  the  specific  dissipation  rate  (a>)  transport  Eq.  (1.59)  were  small 
enough  to  couple  with  the  k-kfco  model  and  cause  transition  to  turbulence  in  the  boundary  layer. 
When  the  Reynolds  number  decreased  below  50,000,  the  flow  around  the  suction  side  of  the 
blade  became  laminar  and  began  to  separate,  resulting  in  a  von  Karman  vortex  street  in  the  wake 
region  of  the  blade  (Fig.  4.3(b)).  The  freestream  length  scales  at  these  Reynolds  number  ranges 
were  large  enough  to  decouple  with  the  k-kL-co  model  and  contribute  to  the  growth  in  the  laminar 
kinetic  energy  [2]  resulting  in  a  laminar  boundary  layer  and  vortex  shedding  in  the  wake  region. 

At  the  inlet  Reynolds  number  of  15,000,  the  steady  flow  simulation  (Fig.  4.1(e)) 
predicted  a  very  large  separation  region  beginning  at  the  70%  axial  chord  on  the  suction  side  of 
the  blade.  However,  the  unsteady  simulation  (Fig.  4.1(f))  predicted  a  separation  beginning  at 
approximately  90%  axial  chord  with  the  presence  of  von  Karman  vortex  shedding  at  a  frequency 
of  75Hz  in  the  wake  region.  A  Strouhal  number,  St  =  0.0220,  was  calculated  based  on  the 
observed  vortex  shedding  frequency,  freestream  velocity,  and  momentum  thickness  at  separation 
with  Eq.  (4.1). 


St  = 


■f shecfi . 


sep 


un 


(4.1) 


The  presence  of  the  vortex  shedding  caused  the  boundary  layer  to  remain  attached  for  an 
additional  20%  chord  than  for  the  steady  flow  solution.  The  separation  region  was  reduced  due 
to  the  unsteady  generation  of  vortices  from  the  trailing  edge  of  the  blade.  The  unsteady 
simulation  provided  a  better  prediction  of  the  flowfield  because  unsteady  effects  from  the 
separated  shear  layers  on  pressure  and  suction  side  were  allowed  form  into  discrete  vortices. 
However,  unsteady  flow  simulations  require  significantly  larger  computational  resources 
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compared  to  steady  flow  simulations  because  the  solution  must  be  converged  spatially  for  every 
time-step  and  run  until  the  solution  is  time-periodic. 


(a)  Re  =  100,000,  Tu  =  0.75%,  Steady  (b)  Re  =  75,000,  Tu  =0.71%,  Steady  (c)  rg  =  50.OOO.  Tu  =  0.724%.  Unsteady 


(d)  Re  =  40,000,  Tu  =  0.67%,  Unsteady  (e)  Re  =  15,000,  Tu  =  0.67%,  Steady  (f)  Re  =  15,000,  Tu  =  0.67%,  Unsteady 


Figure  4.1.  Velocity  magnitude  contour  plots  of  the  Lightly  Loaded  blade  airfoil  simulated  at  a  range  of  inlet 

Reynolds  numbers 


0  10,000  20,000  30,000  40,000  50,000  60,000  70,000  80,000  90,000  100,000 

Reynolds  Number 

Figure  4.2.  Comparison  of  the  CFD  and  experimental  f  361  integrated  wake  loss 

coefficient  at  a  range  of  inlet  Reynolds  numbers  for  the  Lightly  Loaded  blade  airfoil 
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Aerodynamic  performance  was  evaluated  based  on  the  total  pressure  loss  coefficient, 
which  was  used  as  an  indicator  the  viscous  losses.  The  integrated  loss  coefficient  was  used  as  an 
indicator  of  the  total  amount  of  viscous  losses  generated  in  the  wake  region,  and  the  peak  loss 
coefficient  was  used  as  an  indicator  of  the  strength  of  the  wake  region  and  how  the  viscous 
losses  were  distributed  within  the  wake  region.  The  integrated  and  maximum  value  of  the  wake 
total  pressure  loss  coefficient  are  plotted  in  Figures  4.2  and  4.3  versus  the  inlet  Reynolds  number 
for  both  the  experimental  and  the  CFD  results  to  show  the  Reynolds  number  performance  of  the 
Lightly  Loaded  blade  airfoil.  Figure  4.2  shows  the  integrated  wake  loss  coefficient  was  over¬ 
predicted  by  23%  and  37%  for  the  Reynolds  number  of  40,000,  and  15,000,  respectively.  This 
was  attributed  to  the  width  of  the  wake  region  being  larger  in  the  CFD  predictions  than  the 
experimental  result  [36].  The  specific  dissipation  rate  calculated  from  the  k-kL-co  model  which 
was  set  based  on  the  inlet  turbulent  length  scale  and  its  effect  on  integrated  and  peak  loss 
coefficient  was  investigated  in  Section  4.2.1.  The  CFD  predictions  at  the  other  Reynolds 
numbers  showed  better  than  88%  agreement  with  the  experimental  results  [36].  Also,  the 
gradual  increase  of  the  integrated  loss  coefficient  with  decreasing  Reynolds  number  was 
predicted  in  the  CFD  results. 

The  CFD  results  showed  better  than  90%  agreement  with  the  experimental  results  [36]  at 
inlet  Reynolds  numbers  of  100,000,  75,000,  and  40,000  for  the  prediction  of  the  peak  value  of 
the  loss  coefficient  as  shown  in  Figure  4.3.  Discrepancies  existed  between  the  experimental  and 
CFD  predictions  at  50,000  and  15,000.  The  CFD  results  for  the  Re  =  50,000,  Tu  =  0.724%  case 
predicted  that  the  flow  does  not  transition  until  85%  axial  chord,  causing  the  total  pressure  loss 
coefficient  to  be  20%  under-predicted  with  respect  to  the  experimental  result  [36].  At  a 
Reynolds  number  of  15,000,  the  unsteady  case  resulted  in  83%  agreement  of  the  total  pressure 
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loss  coefficient  with  the  experimental  result  [36]  due  to  the  presence  of  vortex  shedding,  caused 
by  an  increased  amount  of  losses  present  in  the  wake.  Overall,  the  CFD  simulations  using  the  k- 
ki_-(D  model  demonstrated  the  ability  to  adequately  predict  the  inlet  Reynolds  number 
aerodynamic  loss  trends  for  the  Lightly  Loaded  blade  airfoil.  Based  on  comparisons  of  the 
integrated  and  peak  loss  coefficient,  the  k-kL-<x>  model  was  able  to  effectively  predict  the  amount 
of  losses  generated  and  their  distribution  within  the  wake  region.  Based  on  the  prediction  of 
aerodynamic  losses  and  comparisons  with  other  turbulence  model  presented  in  Section  3.3.1,  the 
k-kL-co  model  showed  the  potential  to  provide  improved  prediction  low  Reynolds  number  flow 
effects.  This  provided  confidence  in  its  capability  for  providing  the  same  type  of  results  for 
more  highly  loaded  turbine  blade  airfoil  geometries  such  as  the  Highly  Loaded  and  Aft-Loaded 
LI  A  blade  to  be  presented  Section  5  and  6,  respectively. 
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Vorticlty  Magnitude  Contour  Plot 
Solution  Time  =  1.22685sec 


Figure  4.3.  Comparison  of  the  CFD  and  Experimental  f361  Maximum  Loss  Coefficient 

at  a  Range  of  Inlet  Reynolds  Numbers  for  the  Lightly  Loaded  Blade  Airfoil 


4.2  Effect  of  Inlet  Turbulence  Parameters  on  Transition  and  Performance 
Predictions 

Since  the  k-kL-co  transitional  flow  model  was  a  newly  formulated  model,  an 
understanding  of  how  the  inlet  turbulence  parameters  affected  the  CFD  predictions  of 
aerodynamic  effects  at  low  Reynolds  numbers  was  needed.  Simulations  were  completed  at  Re  = 
50,000  using  the  Lightly  Loaded  blade  airfoil  where  either  the  inlet  turbulent  length  scale  was 
held  constant  and  the  inlet  turbulence  intensity  was  varied,  or  inlet  turbulence  intensity  was  held 
constant  and  the  inlet  turbulent  length  scale  was  varied.  The  effect  of  these  inlet  turbulent 
boundary  condition  variations  was  investigated  on  the  turbulent  transition  point,  the  behavior  of 
the  boundary  layer,  and  the  total  pressure  loss  coefficient. 
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(a)  Inlet  Length  Scale  Parametric  Study 

Re  =  50,000,  Tu  =  1% 

(b)  Inlet  Turbulent  Intensity  Parametric  Study 

Re  =  50,000,  lm  =  5mm 

lm  (mm) 

XtranfCx 

Max.  TPLC 

ITPLC 

Tu  (%) 

XtranfCx 

Max.  TPLC 

ITPLC 

2 

0.831 

0.471 

0.1099 

0.724 

0.879 

0.455 

0.1076 

3.5 

0.761 

0.495 

0.1136 

0.75 

0.862 

0.457 

0.1084 

4 

0.753 

0.498 

0.1141 

1 

0.747 

0.499 

0.1144 

5 

0.747 

0.499 

0.1144 

1.5 

0.615 

0.546 

0.1239 

6 

0.749 

0.497 

0.1143 

8 

0.778 

0.523 

0.1249 

14 

0.823 

1.052 

0.1313 

lm  (mm) 

Xsep/Cx 

St 

Max.  TPLC 

ITPLC 

Tu  (%) 

Xse/Cx 

St 

Max.  TPLC 

ITPLC 

20 

0.938 

0.015 

0.988 

0.1527 

0.5 

0.931 

0.014 

0.718 

0.1364 

25 

0.942 

0.015 

1.069 

0.1630 

30 

0.944 

0.015 

1.040 

0.1814 

Experimental  Result  [36] 

40 

0.966 

0.015 

1.000 

0.1733 

Tu  (%) 

Max.  TPLC 

ITPLC 

50 

0.947 

0.015 

1.015 

0.1652 

0.724 

0.577 

0.1083 

Table  4.1.  Summary  of  inlet  turbulence  parameters  on  transition/separation  location  and  maximum  loss 

coefficient  for  the  Lightly  Loaded  Blade 


4.2.1  Inlet  Turbulent  Length  Scale  Study 

An  estimate  of  the  inlet  turbulent  length  scale  range  was  needed  for  the  boundary 
condition  specification  because  measurements  of  the  inlet  turbulent  length  scale  were 
unavailable  for  the  Lightly  Loaded  blade  airfoil  cascade  experiments.  Typically,  integral  length 
scale  measurements  obtained  from  experiments  were  used  to  set  the  inlet  turbulent  length  scale 
in  Fluent  CFD  software.  The  sensitivity  of  the  k-kfCO  transitional  flow  model  to  the  inlet 
turbulent  length  scales  was  investigated  in  order  to  determine  the  prediction  accuracy  tolerance 
to  the  inlet  turbulent  length  scale.  The  inlet  turbulent  length  scale  (/m)  specification  in  Fluent 
CFD  software  was  used  to  set  the  initial  inlet  specific  dissipation  rate  (co)  in  the  k-kL-<x>  model 
with  the  Eq.  (5.2) 


co  = 


k'ji 

c  '>'1 


(4.2) 
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where  the  empirical  constant  CM  =  0.09  used  was  specified  in  the  k-ki-co  model.  Then  the 
specific  dissipation  rate  was  calculated  within  the  flowfield  according  to  the  transport  equation  in 
Eq.  (1.59).  The  specific  dissipation  controls  the  rate  of  transfer  of  turbulent  kinetic  energy  to 
viscous  losses.  RANS  turbulence  models  use  the  dissipation  transport  equation  to  model  the 
energy  cascade  of  turbulence  where  the  turbulent  kinetic  energy  is  transferred  from  larger  eddies 
to  smaller  eddies  and  the  smallest  eddies  dissipate  the  kinetic  energy  into  viscous  heat.  The 
difference  with  the  k-kL-co  model  compared  to  conventional  turbulence  models  is  that  it  divides 
the  eddy  sizes  according  to  a  cutoff  eddy  size  called  the  effective  length  scale.  Length  scales 
smaller  than  the  effective  length  scale  interacted  with  the  mean  flow  as  typical  turbulence  and 
larger  scales  contribute  to  the  production  mechanism  for  laminar  kinetic  energy  [2], 

The  separation/transition  to  turbulence  point  on  the  blade  suction  side  and  the  wake  total 
pressure  loss  coefficient  were  used  to  study  this  effect.  The  inlet  Reynolds  number  for  these 
steady  and  unsteady  flow  simulations  was  set  to  50,000  with  an  inlet  turbulence  intensity,  Tu  = 
1%.  The  turbulent  length  scale  was  varied  over  a  range  of  2-50  mm  as  shown  in  Table  4.1(a). 
Over  a  range  of  lm  =  3.5  -  8mm,  Table  4.1(a)  shows  that  the  location  of  the  transition  region  does 
not  vary  significantly.  For  the  lm  =  2mm  case,  the  transition  region  moved  further  downstream  to 
the  83%  axial  chord  position  indicating  that  as  the  length  scale  becomes  very  small,  the  transition 
region  will  move  downstream.  This  is  consistent  with  the  fact  that  the  magnitude  of  the 
disturbance  that  couples  with  the  boundary  layer  will  be  reduced  as  the  turbulent  length  scale 
decreases.  The  lm  =  14mm  case,  showed  a  similar  turbulence  transition  point  as  the  lm  =  2mm 
case.  This  indicated  a  nonlinear  variation  in  the  location  of  the  turbulent  transition  point  at  the 
inlet  turbulent  length  scale  range  of  lm  =  2  -  14mm.  At  a  turbulent  length  scale  of  lm  =  20mm  and 
above,  the  flow  within  the  boundary  layer  remained  laminar  and  separated.  The  turbulent  length 
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scale  has  grown  large  enough  that  the  freestream  eddies  no  longer  couple  to  the  boundary  layer 
through  the  turbulence  model,  hence  the  boundary  layer  does  not  transition  to  turbulent. 


The  Effect  of  Turbulent  Length  Scale  on  Max.  Outlet  Wake 
Total  Press  Loss  Coefficient  at  Re  =50k,  Tu  =  1% 
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Figure  4,4,  Maximum  wake  loss  coefficient  verses  inlet  turbulent  length  scale  for  the 

Lightly  Loaded  blade 


The  maximum  value  of  the  wake  total  pressure  loss  coefficient  shown  in  Figure  4.4  also 
shows  no  significant  variation  for  the  lm  =  3.5  -  6mm  range.  The  lowest  value  of  the  maximum 
total  pressure  loss  coefficient  was  calculated  for  the  lm  =  2mm  case  due  to  the  transition  region 
being  located  far  downstream  in  comparison  to  the  other  cases.  This  resulted  in  a  lower 
momentum  loss  in  the  boundary  layer.  The  lm  =  8mm  and  14mm  cases  showed  an  increase  in  the 
loss  coefficient  even  though  the  boundary  layer  was  transitional.  This  increase  was  due  to  a 
wake  instability  present  in  the  flowfield.  It  caused  the  vortex  shedding  similar  to  the  separated 
flow  cases  at  the  higher  inlet  turbulent  length  scales  shown  in  the  contour  plots  in  Figure  4.5. 
For  the  lm  =  8mm  case  (Fig.  4.5(a))  the  wake  instability  was  weak,  causing  the  initial  trailing 
edge  vortex  shedding  to  dissipate.  The  wake  instability  was  the  strongest  for  the  lm  =  14mm  case 
(Fig.  4.5(b))  and  caused  a  higher  loss  coefficient  compared  to  the  lm  =  8mm  case.  The  total 

pressure  loss  remained  constant  at  turbulent  length  scales  above  20mm  because  the  separation 
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within  the  laminar  flow  boundary  layer  caused  vortex  shedding  within  the  wake  region  (Fig. 
4.5(c)).  The  turbulent  length  scale  must  be  within  a  range  of  lm  =  2  -  6mm  in  order  to  couple 
with  the  boundary  layer  and  affect  turbulent  transition.  Also,  a  length  scale  range  of  lm  =  8  - 
14mm  was  found  to  cause  transition  in  the  boundary  layer  and  produce  eddies  that  were  large 
enough  to  cause  instabilities  in  the  wake  and  produce  vortex  shedding. 


Figure  4,5.  Wake  region  total  pressure  contours  for  the  Lightly  Loaded  Blade  at  (a)  L  =  8mm.  (bi  L  =  14mm. 

and  (c)  L  =  20mm 


Figure  4.5  shows  the  integrated  total  pressure  loss  coefficient  that  was  calculated  at  each 
inlet  turbulent  length  scale.  The  trends  were  similar  to  the  maximum  loss  coefficient  plot  in 
Figure  4.4.  The  integrated  loss  coefficient  remained  essentially  constant  from  lm  =  2  -  6mm  and 
it  began  to  linearly  increase  from  lm  =  6  -  30mm  due  to  an  increase  in  the  width  of  the  wake 
region  and  the  peak  loss  coefficient.  At  length  scales  above  lm  =  30mm,  the  integrated  loss 
coefficient  decreased  as  the  inlet  turbulent  length  scale  was  increased,  mainly  due  to  the  decrease 
in  the  wake  region. 
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Figure  4.5.  Integrated  wake  loss  coefficient  verses  inlet  turbulent  length  scale  for  the  Lightly  Loaded  blade 


4.2.2  Inlet  Turbulence  intensity  Study 

Sensitivity  to  the  inlet  turbulence  intensity  level  on  the  turbulent  transition  location  and 
the  total  pressure  loss  coefficient  was  investigated.  The  inlet  turbulence  intensity  was  used  to  set 
the  initial  value  of  the  turbulent  kinetic  energy  in  the  k-kL-co  model  using  Eq.  (5.3). 

k  =  ^{UinletTuf  (4.3) 

The  transport  equation  (Eq.  (1.59))  was  used  to  calculate  the  turbulent  kinetic  within  the 
flowfield.  Steady  flow  simulations  at  Re  =  50,000  for  the  Lightly  Loaded  blade  airfoil  were  also 
completed  at  inlet  turbulent  intensities  of  0.75%,  1%,  and  1.5%.  Unsteady  flow  simulations 
were  completed  at  inlet  turbulent  intensities  of  0.5%  and  the  experimentally  [36]  measured  inlet 
turbulence  intensity  of  0.724%.  There  was  a  significant  amount  of  unsteadiness  present  in  the 
flowfield  for  the  Tu  =  0.5%  case  due  to  separation  and  vortex  shedding  whereas  the  Tu  =  0.724% 
case  was  quasi-steady  with  no  significant  flow  unsteadiness  present  in  the  flowfield.  All  these 
cases  used  a  constant  turbulent  length  scale  of  5mm.  Figure  4.6  and  Table  4.1(b)  shows  the 
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effect  of  varying  the  inlet  turbulence  intensity  on  transition.  The  location  of  turbulent  transition 
on  the  suction  side  moved  downstream  as  inlet  freestream  turbulence  intensity  was  decreased, 
while  the  transition  on  the  pressure  side  remained  unchanged.  The  low-frequency  high 
amplitude  fluctuations  in  the  pre-transitional  boundary  layer  took  longer  to  develop  because  the 
freestream  turbulence  was  reduced,  causing  transition  on  the  suction  surface  to  be  further 
delayed.  In  the  0.5%  inlet  turbulence  intensity  case,  the  boundary  layer  did  not  transition  along 
the  blade  surface  and  flow  remained  laminar.  The  presence  of  laminar  flow  caused  vortex 
shedding  at  a  frequency  of  325Hz  with  a  St  =  0.014,  and  explained  the  origin  of  the  increase  in 
the  turbulent  kinetic  energy  at  the  trailing  edge. 


- Tu  =  1 .5% 

- Tu  =  1% 

- Tu  =  0.75% 

- Tu  =  0.72% 

X/ Axial  Chord 

Figure  4.6.  Comparison  of  the  suction  surface  turbulent  kinetic  energy  at  different  inlet 

turbulent  intensities  for  the  Lightly  Loaded  blade  at  Re  =  50.000.  L  =  5mm 


Boundary  layer  velocity  profiles  were  then  obtained  at  four  axial  locations  of  65.3%, 
79.4%,  91.3%,  and  100%  normal  to  the  Lightly  Loaded  blade  surface.  The  profiles  shown  in 
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Figure  4.7(a)  revealed  that  the  flow  remained  attached  for  all  four  measured  locations  except  for 
the  Tu  =  0.5%  case.  The  flow  separated  at  the  100%  axial  chord  location  due  to  the  initial 
creation  of  vortices  from  the  shear  layer  on  suction  side.  The  boundary  layer  thickness, 
displacement,  and  momentum  thickness  shown  in  Figure  4.7(b)  were  calculated  from  the 
velocity  profiles.  The  largest  boundary  layer  thickness  was  found  in  the  Tu  =  1.5%  case  because 
the  boundary  layer  transitioned  to  turbulent  farthest  upstream  of  all  the  cases  and  underwent 
more  of  the  exponential  growth  associated  with  turbulent  boundary  layers.  It  also  contained  the 
highest  momentum  thickness  because  of  the  larger  amount  of  turbulence  present  in  the  mean 
flow.  At  the  65.3%  axial  chord  location,  the  boundary  layer  thickness  was  approximately  the 
same  for  all  cases.  The  smallest  boundary  thickness  was  found  for  the  Tu  =  0.75%  and  Tu  = 
0.724%  cases,  because  the  transition  locations  are  more  downstream  than  the  Tu  =  1  %  and  Tu  = 
1.5%  cases.  The  displacement  thickness  at  the  four  axial  chord  locations  increased  as  the  inlet 
turbulence  intensity  decreased.  The  largest  displacement  thickness  was  found  in  the  Tu  =  0.5% 
case  because  the  flow  around  the  suction  side  of  the  blade  was  laminar  and  separated  at  the 
100%  axial  chord  location. 
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Figure  4.7.  Comparison  of  (a)  boundary  layer  velocity  profiles  and  (b)  integral  parameters  at  different  inlet 

freestream  turbulent  intensities  at  Re  =  50,000,  L  =  50mm  for  the  Lightly  Loaded  blade  airfoil 


The  behavior  of  the  boundary  layer  at  the  various  inlet  turbulent  intensities  was  reflected 

in  the  calculation  of  the  total  pressure  loss  coefficient.  In  Table  4.1  and  Figure  4.8(a),  the  total 

pressure  loss  coefficient  for  the  several  freestream  inlet  turbulent  intensities  were  compared  to 

the  Tu  =  0.724%  experimental  result  and  showed  the  best  agreement  with  the  Tu  =  1.5%  case. 

The  Tu  =  0.5%  and  Tu  =  1.5%  cases  show  that  large  values  of  the  total  pressure  losses  can  be 

produced  by  two  different  types  of  flow  behaviors.  High  values  of  turbulence  intensity  caused 

turbulent  transition  further  upstream  of  the  blade  resulting  in  higher  momentum  loss  in  the 

boundary  layer.  This  high  momentum  flow  leads  to  a  higher  total  pressure  loss.  In  contrast,  at 
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low  turbulence  intensity  the  flow  remains  laminar  and  separated,  thus  causing  a  von  Karman 
vortex  street  (Fig  4.8(b)).  The  vortices  shed  from  the  trailing  edge  increased  the  total  pressure 
loss  in  the  wake.  The  Tu  =  0.724%  CFD  result  predicted  the  flow  to  transition  furthest 
downstream  of  all  the  cases.  The  total  pressure  loss  coefficient  was  under-predicted  because  the 
momentum  loss  within  the  boundary  layer  was  the  lowest  of  all  the  cases  where  the  flow 
transitioned.  Figure  4.8(c)  shows  the  wake  was  narrow  with  relatively  low  total  pressure  loss. 
The  experimental  [36]  loss  coefficient  result  indicated  that  the  flow  was  more  laminar  than 
predicted  with  the  CFD.  So,  if  the  inlet  turbulence  intensity  was  set  in  the  CFD  result  between 
Tu  =  0.5%  and  Tu  =  0.724%  such  that  the  flow  did  not  transition  but  remained  laminar,  better 
agreement  might  be  achieved  with  the  experimental  results. 
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Tu  =  0.5%,  Wake  Region  Tu  =  0.724%,  Wake  Region 


Figure  4,8.  (a)  Inlet  turbulence  intensity  effect  on  the  wake  total  pressure  loss  coefficient  and  instantaneous  wake 

total  pressure  contours  at  (b)  Tu  =  0.5%  and  (c)  Tu  =  0.724%.  Re  =  50.000  for  the  Lightly  Loaded  blade  airfoil 


Table  4.1  summarizes  the  results  of  the  predicted  turbulent  transition  point  and  the  peak 
and  integrated  value  of  the  loss  coefficient  as  inlet  turbulent  length  scale  and  turbulence  intensity 
was  varied.  The  k-kL-co  transitional  flow  model  does  show  that  the  inlet  turbulence  intensity  has 
a  first  order  effect  on  transition  and  prediction  of  the  total  pressure  loss  coefficient.  Clearly, 
setting  the  correct  inlet  turbulence  intensity  was  crucial  to  being  able  to  predict  performance  at 
low  Reynolds  numbers  when  using  current  transitional  flow  model.  The  CFD  simulation 
demonstrated  that  high  total  pressure  loss  can  originate  from  high  freestream  turbulence  or 

laminar  flow  with  the  presence  of  vortex  shedding.  The  inlet  turbulent  length  scale  had  a  second 
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order  effect  on  transition  and  total  pressure  loss  coefficient  and  needs  to  be  in  the  correct  range 
in  order  to  penetrate  the  boundary  layer  to  affect  transition  and  allow  for  successful  performance 
prediction. 

4.3  Summary  of  Results 

A  new  three-equation  eddy-viscosity  type  turbulent  transitional  flow  model  developed  by 
Walters  and  Leylek  [2]  was  tested  to  predict  the  performance  a  CFD  model  of  LPT  cascade 
configuration.  A  Lightly  Loaded  blade  airfoil  was  simulated  for  inlet  Reynolds  numbers  from 
15,000  to  100,000.  Walters  and  Leylek’s  [2]  k-ki-co  transitional  flow  model  showed  the  ability 
to  predict  the  transitional  flow  behavior  associated  with  low  Reynolds  number  flows  for  the 
Lightly  Loaded  blade  airfoil.  The  k-kL-co  transitional  flow  model  provided  a  more  accurate 
method  for  performance  predictions  compared  to  conventional  RANS  turbulence  models. 
Sensitivity  of  the  inlet  turbulence  boundary  conditions  to  the  turbulent  length  scale  and 
freestream  inlet  turbulence  intensity  was  investigated  to  determine  the  effect  on  prediction  of  the 
total  pressure  loss  coefficient.  The  turbulent  transition  point  and  total  pressure  loss  coefficient 
showed  strong  sensitivity  to  changes  in  the  inlet  freestream  turbulence  intensity,  and  second 
order  sensitivity  effect  to  the  inlet  turbulent  length  scale.  Good  agreement  was  obtained  for  the 
effect  of  Reynolds  number  sensitivity  with  the  experimental  results.  The  ability  to  adequately 
predict  the  Reynolds  number  effect  was  demonstrated  for  the  Lightly  Loaded  blade  airfoil. 
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CHAPTER  FIVE 


5.  The  Highly  Loaded  Blade  CFD  Results 

Walters  and  Leylek’s  [2]  k-ki-co  transitional  flow  model  was  applied  to  the  Highly 
Loaded  blade  airfoil  to  determine  if  it  could  effectively  predict  the  low  Reynolds  number 
aerodynamic  flow  effects  associated  with  this  geometry.  Experimental  studies  [36,38-40] 
reported  that  the  flowfield  was  largely  separated  when  the  Highly  Loaded  blade  airfoil  was 
subjected  to  low  inlet  Reynolds  numbers  due  the  increased  loading  level  and  strong  suction 
surface  adverse  pressure  gradient.  Two-dimensional  simulations  were  compared  to  experimental 
cascade  results  and  investigations  of  the  unsteady  flowfield  were  made  at  various  inlet  Reynolds 
numbers.  The  inlet  turbulent  length  scale  was  varied  to  investigate  its  effect  on  the  unsteady 
flowfield  and  the  loss  coefficient  predictions.  Additionally,  a  three-dimensional  cascade  model 
was  developed  and  run  to  study  the  effect  of  the  spanwise  dimension  on  the  CFD  predictions  for 
the  Highly  Loaded  blade  airfoil. 

5.1  Two-Dimensional  CFD  Comparisons  with  Experimental  Results 

The  two-dimensional  cascade  model  of  the  Highly  Loaded  blade  airfoil  (Fig.  3.5(b))  was 
simulated  at  an  inlet  Reynolds  number  of  25,000,  50,000,  and  100,000.  Unsteady  simulations 
were  run  with  an  inlet  Tu  =  0.6%  for  all  inlet  Reynolds  numbers.  The  inlet  turbulent  length  scale 
was  set  for  Re  =  50,000  and  25,000  at  lm  =  5mm  and  50mm  to  investigate  the  impact  of  the 
length  scale  on  the  CFD  predictions  using  the  k-kL-co  model.  The  Re  =  100,000  case,  the  inlet 
turbulent  length  scale  was  set  as  lm  =  50mm.  The  next  sections  present  the  comparisons  of  the 
static  pressure  coefficient,  boundary  layer  profiles,  and  total  pressure  loss  coefficient  with  the 
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experimental  measurements  taken  at  the  AFRL  Low  Speed  Wind  Tunnel.  Also,  the  unsteady 
features  of  the  flowfield  predicted  with  the  k-ki-co  model  were  discussed. 

5.1.1  Surface  Static  Pressure  Coefficient 

In  Figure  5.1,  the  mean  static  pressure  coefficient  distributions  on  the  blade  airfoil 
suction  and  pressure  side  were  compared  to  the  measurements  of  Bons  et  al.  [38]  and  the  three- 
dimensional  LES  results  of  Rizzetta  and  Visbal  [45].  The  present  CFD  result  predicted  a  higher 
static  pressure  on  the  suction  side  of  the  blade  for  the  Re  =  100,000  case  (Fig  5.1(a)),  but  it  did 
predict  the  flow  separation  and  reattachment  and  followed  the  same  trend  as  the  experimental 
[38]  results.  The  flow  separated  at  70%  axial  chord  location  and  then  underwent  turbulent 
reattachment  at  approximately  the  93%  axial  chord  location.  The  uncertainty  separation  location 
was  0.1%  axial  chord  in  the  CFD  whereas  experimental  results  were  3%  axial  chord.  The 
experiment  showed  that  separation  began  more  downstream  at  75%  axial  chord  and  there  was 
reattachment  at  88%  axial  chord.  On  the  pressure  side  of  the  blade,  the  predicted  values  were  in 
excellent  agreement  with  the  experimental  values. 

At  50,000,  the  current  CFD  results  showed  similar  blade  loading  characteristics  as  the 
LES  simulation  up  to  the  80%  axial  chord  location  (Fig.  5.1(b)).  There  was  a  large  amount  of 
unsteadiness  present  on  the  suction  and  pressure  sides  due  to  the  production  of  vortices  from  the 
separated  shear  layers.  The  pressure  coefficient  trend  downstream  of  the  80%  axial  chord 
location  was  due  to  the  motion  of  suction  side  vortices.  The  k-kfco  model  predicted  the  suction 
side  vortex  in  a  time-averaged  perspective  to  be  fixed  in  space.  As  a  result,  the  pressure 
coefficient  has  a  sharp  increase  and  then  decreases  further  downstream.  The  decrease  in  the  inlet 
turbulent  length  scale  from  lm  =  50mm  to  lm  =  5mm  caused  the  localized  increase  of  the  pressure 

coefficient  to  extend  further  downstream.  The  experimental  result  [38]  for  the  Re  =  50,000  cases 
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showed  that  the  flow  at  60%  axial  chord  remained  separated  all  the  way  to  the  trailing  edge  of 
the  blade.  The  discrepancy  in  the  CFD  and  experimental  results  could  be  attributed  to  possible 
differences  in  inlet  turbulent  boundary  conditions. 


Figure  5.1.  Comparison  of  surface  static  pressure  coefficient  with  3D  LES  1451  simulations  and  experimental  results 

1381  at  inlet  Reynolds  numbers  of  a)  100.000  and  b)  50.000  for  the  Highly  Loaded  blade  airfoil 


The  pressure  coefficient  on  the  suction  side  was  predicted  to  be  higher  than  the 
experimental  result  [38]  for  the  Re  =  25,000  case  as  shown  in  Figure  5.2.  The  location  where  the 
separation  first  began  was  the  60%  axial  chord  location  for  both  the  experimental  result  and  the 
current  CFD  prediction.  The  CFD  was  able  to  adequately  reproduce  the  static  pressure 
distribution  on  the  pressure  side  of  the  blade.  There  was  a  large  unsteadiness  present  in  the  Re  = 
25,000,  lm  =  50mm  case  due  to  vortex  shedding  from  the  separation  bubble  as  the  Re  =  50,000 
case,  which  caused  a  small  increase  in  the  pressure  coefficient  beginning  at  95%  axial  chord. 
When  the  inlet  length  scale  was  decreased  to  5mm,  the  increase  in  the  pressure  coefficient  began 
at  the  85%  axial  chord  location.  The  unsteady  vortex  shedding  caused  a  larger  localized  increase 
in  the  pressure  coefficient  as  observed  in  the  Re  =  50,000  CFD  results. 
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The  LES  results  from  Rizzetta  and  Visbal  [45]  predicted  separation  and  turbulent 
reattachment  for  all  simulated  inlet  Reynolds  numbers.  At  Re  =  100,000,  the  separated  and 
turbulent  reattachment  region  was  smaller  and  located  more  upstream  of  the  blade  than  found  in 
the  Bons  et  al.  [38]  experimental  result.  The  separation  and  reattachment  region  increased  as 
inlet  Reynolds  number  decreased  from  100,000  to  25,000.  In  summary,  this  shows  that  the  k-kf 
co  transitional  flow  model  was  very  suitable  for  the  prediction  of  the  qualitative  flow  response  of 
the  Highly  Loaded  blade  airfoil  to  separated  shear  layers  in  low  Reynolds  number  turbine  flows. 
It  demonstrated  the  improved  prediction  of  the  static  pressure  distribution  and  the  unsteady 
effects  of  the  separation  and  reattachment  behavior. 


Figure  5.2.  Comparison  of  surface  static  pressure  coefficient  with  3D  LES  f451  simulations  and 

experimental  results  f381  at  inlet  Reynolds  numbers  of  25,000  for  the  Highly  Loaded  blade  airfoil 


5.1.2  Boundary  Layer  Velocity  Profiles 

Time-averaged  values  of  the  boundary  layer  velocity  profiles  obtained  at  six  axial  chord 
locations  of  67.2%,  73.0%,  79.3%,  84.8%,  89.8%,  and  95.0%  normal  to  the  blade  surface  are 

shown  in  Figure  5.3  and  Figure  5.4,  with  boundary  layer  velocity  measurements  from  the  PIV 
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experiments  of  Woods  et  al.  [39]  extracted  at  the  same  locations.  The  high  Reynolds  number  at 
Re  =  100,000  caused  the  separated  shear  layer  to  re-energize  and  undergo  transition  to 
turbulence,  causing  the  flow  to  reattach  to  the  blade  surface.  The  CFD  predicted  the  flow  to  be 
reattached  before  the  95%  axial  chord  location,  while  the  experiments  showed  turbulent  flow 
reattachment  to  occur  upstream  at  approximately  the  90%  axial  chord  location.  For  the  Re  = 
50,000  case,  (Fig.  5.3(b))  the  velocity  profile  at  the  73%  axial  chord  location  in  the  CFD 
prediction  was  in  good  agreement  with  the  experimental  results  [39]  at  both  inlet  turbulent  length 
scales.  The  size  of  the  separation  region  was  slightly  over-predicted  for  the  CFD  results  at  the 
84.8%  axial  chord  location  with  the  lm  =5mm  case  having  a  larger  separation  region.  Both  inlet 
length  scale  results  showed  the  presence  of  a  recirculation  region  at  84.8%  axial  chord  location 
while  the  experimental  results  showed  the  flow  remained  separated.  At  the  95%  axial  chord 
location,  the  boundary  layer  reattached  to  the  blade  surface  for  the  lm  =  50mm  case,  where  the  lm 
=  5mm  case  flow  remained  separated.  The  experimental  result  showed  a  recirculation  region  had 
formed  at  the  95%  axial  chord  location. 
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Figure  5.3.  Comparison  of  the  boundary  layer  velocity  profiles  at  inlet  Reynolds  numbers  of  a)  100.000  and  b) 

50.000  with  the  experimental  results  1391  for  the  Highly  Loaded  blade  airfoil 


Figure  5.4  shows  the  Re  =  25,000  case  where  the  shape  of  velocity  profiles  were  in  good 
agreement  with  experimental  results  [39]  at  the  73%  axial  chord  location  for  both  inlet  turbulent 
length  scales.  Downstream  of  those  locations,  the  CFD  predicted  a  larger  separation  region  than 
the  experimental  results  [39].  The  time-averaged  behavior  of  the  recirculation  region  caused  by 
the  separation  bubble  was  shown  to  be  similar  for  both  the  CFD  and  experimental  results.  Figure 
5.4  shows  that  the  separated  flow  region  decreased  when  the  inlet  turbulent  length  scale  was 
decreased  to  5mm.  The  opposite  trend  was  observed  for  the  Re  =  50,000  when  the  inlet  turbulent 
length  scale  was  decreased  to  5mm.  The  CFD  results  did  follow  the  same  trend  as  the 
experimental  results  [39]  in  that  the  separation  grew  as  the  Reynolds  number  was  decreased. 
There  were  differences  in  the  boundary  layer  behavior  of  the  separation  region  compared  to  the 
experimental  results  [39].  The  effect  of  neglecting  the  span  wise  dimension  was  found  not  to  be 
the  reason  for  the  discrepancy,  which  will  be  discussed  in  Section  5.2.  The  k-ki-co  transitional 
flow  model  demonstrated  that  it  can  show  a  qualitative  response  to  separated  boundary  layers. 
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There  were  differences  using  the  k-ki-ro  transitional  model  in  the  prediction  of  the  size  of  the 
separation  region  for  all  Reynolds  number  cases.  It  is  noted  that  the  k-kL-co  flow  model  was  not 
specifically  designed  to  model  boundary  layer  transition  in  separated  shear  layers  [30].  It  was 
intended  to  model  attached  transitional  flows. 


Figure  5.4,  Comparison  of  the  mean  boundary  layer  velocity  profiles  at  25.000 

with  the  experimental  results  T391  for  the  Highly  Loaded  blade  airfoil 


5.1.3  Unsteady  Features  of  the  Flowfield 

The  features  of  the  unsteady  flowfield  were  investigated  to  gain  insight  on  the  behavior 
of  the  unsteady  flow  separation  and  vortex  generation.  Instantaneous  “snapshots”  of  the 
predicted  flowfield  were  taken  for  all  three  Reynolds  number  simulations.  For  the  Re  =  100,000 
case,  a  total  of  44,700  time-steps  or  0.223sec  were  utilized  for  averaging  of  mean-flow  quantities 
with  a  flow  time-step  of  5 //sec.  The  flow-time,  which  is  described  as  the  time  interval  it  takes 
for  the  simulated  fluid  flow  to  travel  from  the  inlet  to  the  exit  CFD  domain,  was  0.0654sec.  The 
mean-flow  averaging  time-interval  was  calculated  with  Eq.  (5.1) 
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_  ,  mean  -  flow  averaging  time  interval 

flow  -  time  interval  = - — -  (5.1) 

flow  -  time 


was  3.41  flow-time  intervals.  Upon  investigation  of  the  unsteady  flow  features,  separation  and 


reattachment  were  seen  to  occur  at  every  time  step  as  representatively  indicated  in  Figure  5.5. 


The  separated  shear  layer  on  the  suction  side  produces  two  clockwise  vortical  structures  that 


move  downstream.  These  vortical  structures  break  down  and  reduce  in  magnitude  when  the 


separated  boundary  layer  becomes  reattached  to  the  blade  surface. 


Figure  5.5.  Instantaneous  vorticitv  contour  plot  at  Re  = 

100.000  for  the  Highly  Loaded  blade  airfoil 


The  inlet  turbulent  length  scale  had  a  significant  effect  on  the  flow  unsteadiness  for  the 
Re  =  50,000  simulations.  For  the  lm  =  50mm  case,  a  total  of  70,000  time-steps  or  0.07074sec 
were  utilized  for  averaging  of  mean-flow  quantities  with  a  flow  time-step  of  l//sec.  The  total 
flow-time  was  0.131  sec  and  mean  flow-averaging  was  0.54  flow-time  intervals  as  calculated 
with  Eq.  (5.1).  As  in  the  Re  =  100,000  case,  the  separated  shear  layer  produced  vortices  on  the 
blade  suction  side,  but  they  were  larger  in  size.  Once  the  suction  side  vortex  formed,  it  traveled 
downstream  and  rolled  off  the  blade  surface  and  into  the  freestream  as  shown  in  Figure  5.6(a)- 
(b).  The  boundary  layer  became  reattached  once  the  suction  side  vortex  moved  into  the 
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freestream  giving  the  boundary  layer  velocity  profiles  in  Figure  5.3  its  unique  shape.  For  the  lm 
=  5mm  case,  a  total  of  64,100  time-steps  0.1284sec  or  were  used  for  averaging  of  mean-flow 
quantities  with  a  flow  time-step  of  2//sec  with  0.98  flow-time  intervals.  The  suction  side  vortices 
created  from  the  separated  shear  layer  were  larger  compared  to  the  lm  =  50mm  case  and  this  was 
verified  from  the  velocity  profiles  in  Figure  5.3(b).  Also  there  were  smaller  vortices  created 
within  the  shear  layer  as  shown  in  Figure  5.6(c)-(d).  The  suction  side  vortex  exhibited  the  same 
behavior  of  forming  and  rolling  off  the  blade  surface  as  in  the  lm  =  50mm  case,  but  occurred 
slightly  more  downstream  and  closer  to  the  blade  trailing  edge. 


Figure  5.6.  Instantaneous  vorticity  contours  at  Re  =  50,000  for  the  Highly  Loaded  blade 

airfoil  at  L  =  50mm  (a&b)  and  L  =  5mm(c&d) 


The  time  signal  of  the  drag  coefficient  was  calculated  by  summing  the  dot  product  of  the 
pressure  and  viscous  forces  with  the  force  vector  along  the  blade  surface  boundary  as  shown  in 

Figure  5.7.  A  Fast-Fourier  Transform  (FFT)  was  performed  to  examine  the  frequency  content 
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present  in  the  time  signal  of  the  drag  coefficient.  The  frequency  resolution  (fresoi)  was  based  on 
the  time-step  (tstep)  and  the  averaging  interval  (Navg)  and  calculated  based  on  the  equation 

fres°i  -  -  ]  (5 -2) 

The  frequency  resolution  was  8Hz  and  14Hz  for  the  lm  =  5mm  and  lm  =  50mm  cases, 
respectively.  The  dominant  frequencies  present  in  the  FFT  calculation  originated  from  the 
vortex  generation  on  the  pressure  and  the  suction  side  caused  by  the  separated  shear  layers. 
Also,  Figure  5.7(c)-(d)  and  Figure  5.9(c)-(d)  shows  the  shedding  frequency  for  each  vortical 
structure  for  the  Re  =  50,000  and  25,000  cases,  respectively.  Table  5.1  shows  the  comparison  of 
the  separation  location,  shedding  frequencies,  and  Strouhal  number  based  on  Eq.  (4.1)  for  both 
inlet  turbulent  length  scales.  The  shedding  frequency  and  Strouhal  number  was  higher  for  the 
lm=50mm  case  due  to  the  lower  specific  dissipation  rate  while  the  separation  point  was 
approximately  the  same  for  both  inlet  turbulent  length  scales. 
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Time  Signal  of  the  Drag  Coefficient 


FFT  Calculation  of  the  Drag  Coefficient 
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Figure  5.7.  Time  signal.  FFT  calculation  of  the  drag  coefficient,  instantaneous  vorticity  contours  at  Re  =  50.000  for 

the  Highly  Loaded  blade  airfoil  at  L  =  5mm  (a)  &  (c)  and  L  =  50mm  (b)  &  (d) 


In  Figure  5.8(a)-(b),  the  unsteady  nature  of  the  Re  =  25,000,  lm  =  50mm  case  is  shown. 
The  flow  time-step  was  10//sec  and  43,000  time-steps  or  0.4297sec  was  completed  for  mean 
flow  averaging.  The  total  flow-time  was  0.262sec  and  mean  flow-averaging  was  1.64  flow-time 
intervals.  The  separated  shear  layer  on  the  suction  side  produced  a  clockwise  vortex,  while  the 
pressure  side  shear  layer  produced  a  counterclockwise  vortex  that  moved  from  the  trailing  edge 
to  the  wake  region.  The  decrease  in  length  scale  to  5mm  caused  the  opposite  effect  as  the  Re  = 

50,000  case  where  the  separation  region  decreased  when  the  turbulent  length  scale  decreased  as 
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shown  in  Figure  5.8(c)-(d).  Also,  the  vortex  shedding  frequencies  on  pressure  and  suction  side 
remained  unchanged  unlike  the  Re  =  50,000  case  (Fig.  5.9).  This  could  be  due  to  the  separation 
region  in  the  Re  =  25,000  cases  being  significantly  larger  than  the  Re  =  50,000  cases.  The 
suction  side  vortex  was  formed  above  the  blade  surface  and  became  insensitive  to  changes  in  the 
inlet  turbulent  length  scale.  The  same  trend  was  found  for  the  inlet  Re  =  25,000  and  50,000 
cases  in  which  decreasing  the  turbulent  length  scale  caused  the  separation  location  to  occur 
slightly  more  downstream  as  indicated  in  Table  5.1. 
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Figure  5.8.  Instantaneous  Vorticity  Contours  at  Re  =  25,000  for  the  Highly  Loaded  Blade 


Airfoil  at  L  =  50mm  (a&b)  and  L  =  5mm  (c&d) 
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Pressure  Side 

Suction  Side 

Re 

lm( mm) 

y  IT 

^ sep  '  '-'x 

fshed 

St 

fshed 

St 

fshed 

St 

25,000 

5 

0.709 

45 

0.0045 

10 

0.0010 

20 

0.0020 

25,000 

50 

0.722 

45 

0.0045 

12 

0.0012 

20 

0.0020 

50,000 

5 

0.717 

164 

0.0050 

23 

0.00070 

86 

0.0026 

50,000 

50 

0.726 

260 

0.0082 

130 

0.0041 

- 

- 

100,000 

50 

0.713 

- 

- 

- 

- 

- 

- 

Table  5.1 .  Summary  of  the  separation  location  and  Strouhal  number  for  the  Highly  Loaded  blade  airfoil 
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Figure  5.9.  Time  signal,  FFT  calculation  of  the  drag  coefficient,  instantaneous  vorticity  contours  at  Re  =  25,000  for 

the  Highly  Loaded  blade  airfoil  at  L  -  5mm  (a)  &  (c)  and  L  =  50mm  (b)  &  (d) 
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5.1.4  Total  Pressure  Loss  Coefficient  Predictions 

The  total  pressure  loss  coefficient  predictions  using  the  k-kfco  transitional  model  for  all 
three  Reynolds  number  simulations  are  shown  in  Figure  5.10.  The  CFD  results  are  compared  to 
experimental  wake  measurements  taken  by  Garmoe  [36]  and  Casey  [40]  for  a  total  of  two  pitch 
lengths.  The  major  difference  in  the  experimental  measurements  at  Re  =  100,000  (Fig.  5.10(a)) 
was  in  the  average  inlet  turbulence  intensity,  which  was  reported  as  0.785%  for  the  Garmoe  [36] 
measurements  and  0.437%  for  the  Casey  [40]  measurements.  For  the  Re  =  100,000  case,  the 
CFD  results  under-predicted  the  loss  coefficient,  with  88%  and  60%  percent  agreement  with  the 
Garmoe  [36]  and  Casey  [40]  measurements,  respectively.  It  was  expected  that  the  CFD 
prediction  would  lie  between  the  two  experimental  results  since  the  computational  inlet 
turbulence  intensity  was  0.6%.  The  reason  for  the  under-prediction  was  due  to  the  turbulent 
boundary  layer  reattachment  point  being  located  further  downstream  on  the  blade  than  the 
experimental  measurements,  resulting  in  a  lower  predicted  momentum  loss  than  experimentally 
measured.  Table  5.2  showed  a  62%  and  72%  agreement  in  the  integrated  loss  coefficient 
comparisons  with  Garmoe  [36]  and  Casey  [40]  experimental  results,  respectively  due  to 
differences  in  the  width  of  wake  region  and  the  maximum  value  of  the  loss  coefficient. 

The  total  pressure  loss  coefficient  prediction  at  Re  =  50,000  (Fig.  5.10(b))  was  found  to 
have  good  agreement  with  respect  to  both  Casey’s  [40]  measurement  made  at  an  inlet  Reynolds 
number  of  45,000  and  inlet  turbulence  intensity  of  0.34%,  and  Garmoe’s  [36]  measurement  at  Re 
=  50,000  with  a  turbulence  intensity  of  0.84%.  Changing  the  inlet  turbulent  length  scale  was 
observed  to  have  no  effect  on  the  peak  loss  coefficient  predictions.  Both  CFD  results  were  with 
93%  agreement  with  experimental  results  [36,  40]  on  the  peak  value  of  the  loss  coefficient.  A 
length  scale  effect  was  observed  in  the  integrated  loss  coefficient  with  the  lm  =  5mm  case  having 
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the  largest  value.  The  higher  dissipation  rate  caused  the  wake  width  to  increase  across  the  pitch 
length  thus  increasing  the  integrated  loss  coefficient.  Comparison  with  the  experimental  results 
indicated  a  60%  and  68%  agreement  for  the  lm  =  50mm  and  lm  =  5mm  cases,  respectively  which 
was  attributed  to  the  width  of  the  wake  region  being  larger  in  the  experimental  results. 

For  the  Re  =  25,000  cases,  (Fig.  5.10(c))  the  size  of  the  separation  region  was  over¬ 
predicted  by  the  CFD,  yet  the  total  pressure  loss  predictions  were  lower  than  both  experimental 
results.  The  decrease  in  the  inlet  turbulent  length  scale  caused  the  wake  region  to  spread  and 
further  decrease  the  maximum  value  to  the  loss  coefficient.  A  similar  trend  was  observed  in  the 
Re  =  50,000  case.  The  increase  in  specific  dissipation  rate,  which  resulted  from  lowering  inlet 
turbulent  length  scale,  increased  the  width  of  the  wake  instead  of  transferring  the  turbulent  flow 
being  generated  from  the  boundary  layer  to  viscous  losses  at  a  higher  rate  which  should  have 
caused  an  increase  in  the  loss  coefficient  predictions.  Better  agreement  with  the  experimental 
results  of  integrated  loss  coefficient  was  achieved  with  an  84%  and  79%  agreement  with  Garmoe 
[36]  and  Casey  [40],  respectively.  Also,  the  CFD  prediction  of  the  integrated  loss  coefficient 
was  independent  of  changes  in  inlet  turbulent  length  scale  which  indicated  the  amount  of  viscous 
losses  generated  in  the  wake  region  was  similar  in  both  CFD  cases.  This  confirmed  the  previous 
observation  that  a  higher  inlet  length  scale  caused  only  the  width  of  wake  region  to  increase  and 
did  not  affect  the  peak  value  of  the  loss  coefficient. 
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Figure  5.10.  Comparison  of  total  pressure  loss  coefficient  with  experimental  [36,401  results  at  inlet 

Reynolds  numbers  of  (a)  100,000,  (b)  50,000,  and  (c)  25,000  for  the  Highly  Loaded  blade  airfoil 


Re 

lm( mm) 

Integrated  Total  Pressure  Loss  Coefficient 

CFD 

Garmoe  [36] 

Casey  [40] 

25,000 

5 

0.3045 

0.3562 

0.3808 

50 

0.3018 

50,000 

5 

0.1708 

0.2472 

0.2494 

50 

0.1490 

100,000 

50 

0.0896 

0.06535 

0.1242 

Table  5.2.  Integrated  total  pressure  loss  coefficient  comparison  with  the  experimental 

[36,  401  results  for  the  Highly  Loaded  blade  airfoil 
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5.2  Three-Dimensional  CFD  Comparisons  with  Experimental  Results 

An  unsteady  simulation  was  completed  using  the  three-dimensional  cascade  CFD  model 
of  the  Highly  Loaded  blade  airfoil  presented  in  Section  4.3.1  at  inlet  Reynolds  number  of  25,000. 
The  main  goal  was  to  determine  the  effect  of  the  added  spanwise  dimension  on  the  flowfield 
predictions  using  the  k-kL-co  model.  The  inlet  turbulence  intensity  was  set  to  Tu  =  0.6%  with  an 
inlet  turbulent  length  scale  at  lm  =  50mm.  The  flowfield  of  the  three-dimensional  simulation  was 
compared  to  the  two-dimensional  CFD  results  completed  at  same  inlet  conditions  and 
experimental  results.  Spanwise- averaged  surface  static  pressure  coefficient,  boundary  layer 
velocity  profiles,  and  the  wake  total  pressure  loss  coefficient  were  used  for  comparisons.  Also, 
the  unsteady  features  of  separation  and  vortex  shedding  were  investigated  qualitatively. 

5.2.1  Surface  Static  Pressure  Coefficient 

Figure  5.11  compares  the  blade  surface  static  pressure  coefficient  of  both  the  two  and 
three-dimensional  simulations  using  the  k-kL-co  model  to  the  measurements  of  Bons  et  al.  [38] 
and  three-dimensional  LES  results  of  Rizzetta  and  Visbal  [45].  A  similar  distribution  of  the 
suction  side  blade  loading  was  observed  for  both  the  two  and  three-dimensional  results  to  the 
90%  axial  chord  location.  Downstream  of  that  location,  the  three-dimensional  results  showed  a 
larger  increase  in  the  local  pressure  peak  due  to  the  motion  of  shed  vortices  compared  to  the  two- 
dimensional  result.  The  mean-flow  averaging  time  interval  in  the  three-dimensional  prediction 
was  14.6  times  smaller  compared  to  the  two-dimensional  prediction.  This  caused  an  increase  in 
the  effect  that  the  intermittent  vortex  shedding  had  on  the  static  pressure  distribution.  The  LES 
results  from  Rizzetta  and  Visbal  [45]  predicted  separation  and  turbulent  reattachment  for  Re  = 
25,000  while  the  experimental  [38]  results  show  separation  to  the  trailing  edge.  This  indicated 

the  addition  of  the  spanwise  dimension  did  not  have  significant  effect  on  the  blade  loading  and 
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the  two-dimensional  result  provided  adequate  prediction  of  the  surface  static  pressure  coefficient 
for  the  Highly  Loaded  blade  airfoil. 


Figure  5.1 1.  Dimensional  comparison  of  surface  static  pressure  coefficient  with  3D  LES  1451  simulations 

and  experimental  results  T381  at  inlet  Reynolds  numbers  of  25.000  for  the  Highly  Loaded  blade  airfoil 


5.2.2  Mean  Velocity  Boundary  Layer  Profiles 

The  spanwise-averaged  boundary  layer  profiles  of  the  mean  velocity  obtained  from  the 
three-dimensional  simulation  were  compared  to  the  two-dimensional  k-kL-co  model  prediction 
and  experimental  [39]  results  at  the  same  axial  chord  locations.  Figure  5.12  shows  the  three- 
dimensional  predictions  were  in  good  agreement  with  the  experimental  results  to  the  79.3%  axial 
chord  location.  Downstream  of  those  locations,  the  three-dimensional  result  predicted  a  slightly 
smaller  separation  region  compared  the  two-dimensional  results,  but  showed  a  larger  separation 
region  than  the  experimental  results  [39].  The  shape  of  boundary  layer  profiles  starting  at  the 
84.8%  axial  chord  location  in  the  three-dimensional  prediction  was  due  to  the  spanwise 
averaging.  The  suction  surface  separation  point  was  located  at  71.2%  axial  chord  location 
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similar  to  the  72.2%  separation  location  in  the  two-dimensional  simulation.  The  added  spanwise 
dimension  did  produce  a  slightly  smaller  separation  region  as  reported  in  Rizzetta  et  al.  [45]  thus 
provided  somewhat  better  agreement  with  the  experimental  result. 


Figure  5.12.  Two  and  three-dimensional  comparisons  of  the  mean  boundary  layer  velocity 

profiles  at  25.000  with  the  experimental  results  1391  for  the  Highly  Loaded  blade  airfoil 


5.2.3  Unsteady  Features  of  the  Flowfield 

The  features  of  the  unsteady  flowfield  have  been  investigated  for  the  three-dimensional 
simulation  of  the  Highly  Loaded  blade  in  order  to  compare  with  the  unsteady  flowfield 
predictions  from  the  two-dimensional  results.  Instantaneous  contours  of  the  vorticity  magnitude 
at  mid-span  location  (0.01778m)  were  compared  to  the  two-dimensional  result  as  shown  in 
Figure  5.13.  A  total  of  5898  time-steps  (0.113  flow-time  intervals  or  0.02949sec)  were  utilized 
for  averaging  of  mean-flow  quantities  with  a  flow  time-step  of  5 //sec  which  was  significantly 
smaller  time  interval  compared  to  the  two-dimensional  simulation.  Unsteady  averaging  of  the 

flowfield  for  a  large  number  of  time-steps  using  the  three-dimensional  Highly  Loaded  blade 

D.  Sanders  117 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

224 

Approved  for  public  release;  distribution  unlimited. 


Chapter  5.  The  Highly  Loaded  Blade  CFD  Results 


CFD  model  could  not  be  made  because  of  the  large  amount  of  processors  and  long  simulation 
times  required.  The  current  flow-averaging  interval  was  considered  adequate  to  show  the  three- 
dimensional  unsteady  effects  due  to  vortex  shedding.  Figure  5.13  shows  that  similar  unsteady 
effects  were  seen  in  both  the  two  and  three-dimensional  results.  The  separated  shear  layer 
produced  a  large  clockwise  vortex  (Fig  5.13(a)  &(c))  and  a  smaller  counter-clockwise  vortex 
seen  in  the  two  and  three-dimensional  result  in  Figure  5.13(b)  and  5.13(c),  respectively.  Also,  a 
counter-clockwise  vortex  was  produced  from  the  pressure  side  at  the  blade  trailing  edge  (Fig 
5.13(b)  &(d)). 
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Figure  5.13.  Comparison  of  the  instantaneous  vorticity  contours  at  Re  =  25,000,  Tu  = 

0.5%  for  the  (a)-(b)  2-D  and  (c)-(d)  3-D  simulations  of  the  Highly  Loaded  blade  airfoil 

Iso-surfaces  of  the  vorticity  were  made  to  show  the  three-dimensional  structure  of  the 
vortices  shed  from  the  separated  shear  layers.  Figure  5.14  shows  iso-surfaces  of  constant 
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vorticity  of  800,  600,  400,  and  150  sec'1  in  the  separated  flow  region.  The  vortices  shed  from  the 
pressure  and  suction  surfaces  were  largely  two-dimensional  in  shape  as  shown  in  Figure  5.14(a)- 
(c).  Also,  there  were  small  three-dimensional  vortical  structures  present  in  the  separation  and 
wake  region  (Fig  5.14(d))  that  broke-up  in  the  spanwise  direction.  The  vortical  flow  structure 
was  largely  laminar  and  the  two-dimensional  simulation  was  effective  in  predicting  the  shape  of 
the  unsteady  vortices  at  the  Re  =  25,000  for  the  Highly  Loaded  blade. 
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Figure  5.14.  Iso-surfaces  of  instantaneous  vorticity  for  the  3-D  simulation  of  the  Highly 

Loaded  blade  airfoil  at  Re  =  25,000,  Tu  =  0.5% 


Similar  results  were  obtained  in  a  LES  study  by  Visbal  [47]  on  an  oscillating  SD7003 
airfoil  at  low  inlet  Reynolds  numbers.  Figure  5.15  shows  the  comparison  of  the  instantaneous 
spanwise  vorticity  for  two  and  three-dimensional  simulations  at  Reynolds  numbers  of  10,000  and 
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40,000.  At  Re  =  10,000,  the  two  and  three-dimensional  results  were  in  good  agreement  with 
each  other  over  a  significant  portion  of  the  airfoil  as  shown  in  5.15(a)-(b).  The  vortices  were 
mostly  two-dimensional  in  shape  with  some  three-dimensional  effects  due  to  spanwise 
breakdown  from  transitional  flow  effects  [47]  (Fig.  5.15(b)).  At  Re  =  40,000,  significant 
differences  were  observed  between  two  and  three-dimensional  results  (Fig.  5.15(c)-(d)).  The 
coherent  vortices  observed  from  the  two-dimensional  simulations  breakdown  in  the  spanwise 
direction  into  small-scale  structures.  The  higher  Reynolds  number  caused  the  increase  in  the 
spanwise  breakdown  in  vortices  due  transitional  flow  effects. 


(C)  2D,  Re  c  =  40.000 

■LZH 

■40  40 
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-  - - ^ 

- tiL  b 
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Figure  5.15.  Comparisons  of  instantaneous  spanwise  vorticitv  for  2-D  and  3-D  LES  simulation  by  Visbal  [471 


The  three-dimensional  Highly  Loaded  blade  CFD  model  was  run  at  Re  =  25,000,  the 
midpoint  between  the  Reynolds  numbers  simulated  in  the  Visbal  [47]  LES  results.  As  seen  in 
Fig  5.15(c)-(d),  vortical  structures  broke  down  in  the  spanwise  direction.  So,  a  larger  amount  of 
spanwise  instabilities  were  expected  to  be  present  than  shown  at  Re  =  10,000  condition  run  by 
Visbal  [47].  However,  the  Walters  and  Leylek  [2]  k-ki-co  model  is  based  on  the  RANS  CFD 
method  and  modeled  transitional  flow  due  to  only  streamwise  instabilities.  Thus,  the  present 
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three-dimensional  Highly  Loaded  blade  CFD  model  will  not  be  able  to  capture  spanwise 
instabilities  due  to  transitional  flow.  Based  on  this  fact,  the  trends  observed  in  comparing  the 
two  and  three-dimensional  simulations  at  Re  =  25,000  for  the  Highly  Loaded  blade  airfoil  with 
the  present  model  will  be  expected  to  be  similar  for  simulations  at  higher  inlet  Reynolds 
numbers. 

5.2.4  Total  Pressure  Loss  Coefficient  Predictions 

The  wake  total  pressure  loss  coefficient  distribution  and  the  integrated  value  are  shown  in 
Figure  5.16  and  Table  5.3,  respectively.  The  three-dimensional  simulation  indicated  a  41%  over¬ 
prediction  in  the  peak  loss  coefficient  with  87%  agreement  in  the  integrated  loss  coefficient 
compared  to  Casey’s  [40]  experimental  result.  The  two-dimensional  predictions  showed  better 
comparison  to  Garmoe’s  [36]  experimental  result  with  a  29%  under-prediction  in  the  peak  loss 
coefficient  and  84%  agreement  with  the  integrated  loss  coefficient.  The  over-prediction  and 
distribution  in  the  loss  coefficient  was  significantly  different  in  the  three-dimensional  simulation 
due  to  the  mean-flow-averaging  time  interval  which  was  14.6  times  smaller  than  for  the  two- 
dimensional  simulation.  A  longer  mean-flow-averaging  time  interval  would  have  resulted  in  a 
decrease  in  the  effect  that  the  intermittent  vortex  shedding  had  on  the  total  pressure  loss  in  the 
wake  region.  So,  if  the  averaging  interval  of  the  three-dimensional  simulation  were  increased, 
the  loss  coefficient  would  be  reduced  significantly.  Good  agreement  was  achieved  in  the 
prediction  of  the  integrated  loss  coefficient  indicating  the  amount  of  viscous  loss  generated  from 
the  vortex  shedding  was  predicted  sufficiently. 
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Figure  5.16.  2-D  and  3-D  comparison  of  total  pressure  loss  coefficient  with 

experimental  136,401  results  at  Re  =  25,000  for  the  Highly  Loaded  blade  airfoil 


Re 

CFD 

Model 

Tu  (%) 

lm( mm) 

Integrated  Total  Pressure  Loss  Coefficient 

CFD 

Garmoe  [36] 

Casey  [40] 

25,000 

2D 

0.5 

50 

0.3018 

0.3562 

0.3808 

3D 

0.5 

50 

0.4279 

Table  5.3.  Dimensional  comparison  of  the  integrated  total  pressure  loss  coefficient  with  the 

experimental  [36,  401  results  for  the  Highly  Loaded  blade  airfoil 


5.3  Summary  of  Results 

Flows  over  the  Highly  Loaded  blade  airfoil  were  simulated  at  inlet  Reynolds  numbers  of 
100,000,  50,000,  and  25,000.  The  unsteady  features  of  separation  and  vortex  generation  of  the 
flowfield  were  qualitatively  investigated.  Boundary  layer  velocity  profiles,  surface  static 
pressure  distributions,  and  the  wake  total  pressure  loss  coefficient  were  compared  to  the 
available  experimental  data.  The  CFD  simulations  showed  good  agreement  with  the 
experimental  results  in  prediction  of  separation  and  reattachment.  The  k-kL-co  transitional  flow 
model  showed  a  better  qualitative  response  to  separated  shear  layers  as  seen  in  the  experimental 

measurements,  but  quantitative  inaccuracies  in  the  size  of  the  separation  region  were  observed. 
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Compared  to  the  Lightly  Loaded  blade  airfoil,  the  flowfield  for  the  Highly  Loaded  blade 
airfoil  was  very  complex  involving  unsteady  separated  shear  layers.  The  separated  flow  is 
known  to  produce  three-dimensional  vortical  structures,  so  a  three-dimensional  CFD  model  of 
the  Highly  Loaded  blade  was  simulated  at  Re  =  25,000  and  compared  to  the  two-dimensional 
CFD  predictions.  The  addition  of  the  spanwise  dimension  did  not  have  significant  effect  on  the 
blade  loading  and  the  surface  static  pressure  coefficient  distribution  was  similar  to  the  two- 
dimensional  result.  The  two  and  three-dimensional  results  were  in  good  agreement  with  each 
other  on  the  prediction  of  the  separation  region,  but  the  three-dimensional  result  predicted  a 
slightly  smaller  separation  region.  This  produced  closer  agreement  with  the  experimental  [39] 
results  but,  the  separation  region  was  still  over-predicted  compared  to  the  experiments. 
Investigations  on  the  three-dimensional  shape  of  the  unsteady  vortices  showed  the  vortices  shed 
were  very  coherent  and  largely  two-dimensional  in  shape  similar  to  the  LES  results  by  Visbal 
[47].  The  k-kL-co  model  did  not  take  into  account  transitional  flow  due  to  spanwise  instabilities, 
so  it  does  not  capture  the  same  effects  like  the  more  superior  LES  CFD  method.  The  peak  value 
of  the  loss  coefficient  was  over-predicted  compared  to  the  experimental  result  because  of  the 
short  averaging  interval  for  the  mean  flow  predictions.  The  three-dimensional  result  showed 
good  agreement  with  the  experimental  result  in  the  prediction  of  the  amount  of  viscous  loss 
generated  within  the  wake  region.  This  study  provided  an  evaluation  on  how  well  the  k-kfO) 
model  captures  the  separation  and  unsteady  characteristics  observed  in  the  Highly  Loaded  blade 
airfoil. 
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CHAPTER  SIX 


6.  The  Aft-Loaded  LI  A  Blade  CFD  Results 

The  last  blade  geometry  used  for  the  invesitgation  of  Walters  and  Leylek’s  [2]  k-kL-co 
transitional  flow  model  was  the  Aft-Loaded  LI  A  blade  airfoil.  The  low  Reynolds  number 
aerodynamic  effects  of  the  Aft-Loaded  LI  A  blade  were  the  most  challenging  to  predict  because 
of  very  high  loading  level  and  strong  adverse  pressure  gradient  present  on  the  aft  portion  of  the 
suction  surface.  Two-dimensional  flow  simulations  were  completed  at  both  high  and  low  inlet 
turbulence  levels  and  compared  to  experimental  results  of  Marks  et  al.  [35]  and  CFD  results  of 
Clark  et  al.  [25].  Investigations  of  the  unsteady  flowfield  were  made  at  low  and  high  inlet 
turbulent  intensities.  The  inlet  turbulent  length  scale  was  varied  at  the  high  inlet  turbulence 
intensity  to  investigate  its  effect  on  the  total  pressure  loss  predictions.  This  study  will  serve  as  a 
baseline  study  for  the  flowfield  comparisons  with  simulations  completed  using  the  Aft-Loaded 
L1A  blade  with  upstream  wake-generators  CFD  model. 

6.1  CFD  Predictions  at  Low  Inlet  Turbulence  intensity 

The  performance  of  the  two-dimensional  cascade  CFD  model  of  Aft-Loaded  LI  A  blade 
airfoil  (Fig.  3.5(c))  was  simulated  at  an  inlet  Reynolds  number  of  31,000  and  50,000.  Unsteady 
simulations  were  run  with  an  inlet  freestream  turbulence  intensity  of  0.5%  for  all  inlet  Reynolds 
numbers.  The  inlet  turbulent  length  scale  was  set  as  lm  =  50mm  which  was  based  on  simulations 
of  the  Highly  Loaded  blade  since  updated  length  scale  measurements  were  not  available  for  the 
LSWT  at  low  inlet  turbulent  intensities.  The  next  sections  present  the  comparisons  of  the  static 
pressure  coefficient,  boundary  layer  profiles,  and  total  pressure  loss  coefficient  with  the 

experimental  measurements  taken  by  Marks  et  al.  [35]  in  the  LSWT.  Also  comparisons  were 
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made  with  CFD  result  of  Clark  et  al.  [25]  which  used  the  Praisner  and  Clark  [24]  correlation 
based  transitional  flow  model. 

6.1.1  Surface  Static  Pressure  Coefficient 

In  Figure  6.1,  the  mean  static  pressure  coefficient  distributions  were  compared  to  the 
measurements  of  Mark  et  al.  [35]  and  the  CFD  results  of  Clark  [25],  At  the  Re  =  50,000  (Fig 
6.1(a)),  the  k-kL-co  model  results  showed  good  agreement  with  Clark’s  CFD  result  to  the  55% 
suction  surface  axial  location.  The  present  CFD  results  predicted  a  lower  peak  pressure  than 
Clark’s  CFD  result  but  both  predictions  over-predicted  the  peak  pressure  compared  to  the 
experimental  results.  Downstream  of  the  peak  static  pressure  location,  the  k-kL-co  model  result 
predicted  that  the  flow  would  separate  at  the  62.8%  axial  chord  location.  There  was  a  large 
amount  of  unsteadiness  present  on  the  suction  surface  due  to  the  vortical  production  from  the 
separated  shear  layer.  The  local  peak  pressure  coefficient  at  82%  axial  chord  location  was  due  to 
the  motion  of  the  vortices  as  they  lifted  of  the  blade  surface  and  traveled  downstream  to  the  wake 
region.  The  Clark  CFD  results  predicted  the  separation  point  at  approximately  68%  axial  chord 
which  was  more  downstream  than  observed  in  both  experimental  and  k-kL-co  model  results.  The 
static  pressure  distribution  downstream  of  the  separation  point  of  the  Clark  CFD  results  predicted 
flow  separation  and  reattachment  which  indicated  a  closed  separation  bubble  present  on  the 
suction  surface.  The  experimental  measurements  were  taken  at  inlet  Re  =  60,000,  but  all 
measurement  at  Tu  =  0.5%  indicated  a  separated  non-reattaching  boundary  layer.  The  separation 
location  was  between  57%  and  62%  axial  chord,  which  was  in  good  agreement  with  the  k-kL-co 
model  results. 
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Figure  6.1.  Comparison  of  surface  static  pressure  coefficient  with  Clark  et  al  1251  simulations  and  experimental 

results  1351  at  inlet  Reynolds  numbers  of  a)  50.000  and  b)  31.000.  Tu  =  0.5%  for  the  Aft-Loaded  L1A  blade  airfoil 


A  similar  distribution  of  the  static  pressure  coefficient  was  predicted  with  the  k-kL-<x> 
model  at  Re  =  31,000  as  shown  in  Figure  6.1(b).  The  boundary  layer  separation  location  at 
62.8%  axial  chord  location  was  in  good  agreement  with  experimental  (Re  =40,000)  and  Clark’s 
CFD  results  of  approximately  62%  axial  chord.  The  local  pressure  peak  at  the  82%  axial  chord 
location  was  due  to  the  unsteady  vortex  shedding  on  the  suction  surface  as  observed  in  the  Re  = 
50,000  case.  Clark’s  CFD  results  showed  the  same  local  pressure  peak  located  at  the  95%  axial 
chord,  which  was  more  downstream  than  the  k-kL-co  model  result.  The  experimental  results 
taken  at  inlet  Re  =  40,000  showed  separated  flow  to  the  trailing  edge.  Yet,  there  was  no 
evidence  of  the  local  pressure  peaks  within  the  separated  flow  region.  This  could  be  due  to 
frequency  response  limitations  or  the  time-averaging  of  the  pressure  transducers  used  in  the 
experimental  measurements.  In  summary,  the  k-kL-<x>  transitional  flow  model  was  adequate  in 
the  prediction  of  the  blade  loading  at  low  inlet  turbulent  intensities.  Good  agreement  was 
achieved  with  the  experimental  result  in  the  prediction  of  the  separation  location.  The  k-kfO) 
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model  demonstrated  the  ability  to  predict  the  static  pressure  distribution  and  the  qualitative  flow 
response  to  the  separated  shear  layers  observed  in  the  Aft-Loaded  LI  A  blade  airfoil. 


Figure  6.2.  Mean  velocity  contours  plots  of  the  (a)  PIV  results  at  Re=60.000.  (b)  the  CFD  results  at  Re  = 


50.000.  (c)  PIV  results  at  Re  =  25.000.  and  (d)  CFD  results  at  Re  =  31.000  for  the  Aft-Loaded  L1A  blade  airfoil 


6.1.2  Velocity  Contours  and  Boundary  Layer  Profiles 

Mean  velocity  magnitude  contour  plots  from  the  CFD  were  compared  to  the  PIV  contour 
plots  taken  by  Marks  et  al.  [35]  in  Figure  6.2.  The  PIV  results  for  the  Re  =  50,000  (Fig  6.2(a)) 
showed  the  flowfield  on  the  suction  surface  of  the  blade  starting  at  approximately  the  50.0%  to 
the  94%  axial  chord  location,  while  the  Re  =  25,000  result  showed  from  57.0%  to  the  100%  axial 
chord  location.  The  CFD  results  were  oriented  in  a  similar  manner  to  aid  the  comparisons.  Both 
the  CFD  and  experimental  results  indicated  a  significant  amount  of  separated  flow  present  on  the 
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suction  surface  with  the  experimental  result  having  a  larger  region  of  separated  flow.  The 
experimental  separation  region  was  also  larger  than  the  CFD  for  the  Re  =  25,000  shown  in 
Figure  6.2(c)-(d).  The  behavior  of  the  streamlines  showed  a  recirculation  region  in  the  separated 
flow  area  at  both  inlet  Reynolds  numbers  (Fig  6.2(a)&(c)). 


Rake  at  57.0%  Axial  Chord  Rake  at  58.8%  Axial  Chord  Rake  at  60.4%  Axial  Chord  Rake  at  65.5%  Axial  Chord  Rake  at  70.0%  Axial  Chord 


Figure  6.3.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental  (Re=60,000) 

results  T351  at  inlet  Re  =  50,000  for  the  Aft-Loaded  LI  A  blade  airfoil 


Time-averaged  values  of  the  boundary  layer  velocity  profiles  obtained  at  ten  axial  chord 

locations  of  57%,  58.8%,  60.4%,  65.5%,  70%,  74.1%,  79.4%,  85%,  89.0%,  and  94.2%  normal  to 

the  blade  surface  from  both  the  CFD  and  experimental  PIV  results.  The  axial  component  of  the 

velocity  was  used  in  order  to  compare  the  amount  of  reversed  flow  present  in  the  separation 

region.  The  separation  point  for  the  Re  =  50,000  case  was  predicted  to  occur  at  the  62.8%  axial 
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chord  location,  which  was  in  96%  agreement  with  the  experimental  result  at  Re  =  60,000.  Figure 
6.3(a)  indicated  the  separation  point  at  58.8%  and  60.4%  axial  chord  location  for  the 
experimental  results.  The  CFD  under-predicted  the  separation  region  compared  to  the 
experimental  results  starting  at  the  60.4%  axial  chord  location  and  continued  for  every 
downstream  location  (Fig.  6.3(a)-(b)).  In  Figure  6.4(a),  the  experimental  result  indicated  the 
boundary  layer  separation  point  was  located  between  the  58.8%  and  60.4%  axial  chord  location 
which  was  more  upstream  than  the  static  pressure  distribution  indicated.  The  CFD  predicted  the 
separation  point  more  downstream  at  the  64.4%  axial  chord  location  which  is  in  93%  agreement 
with  the  experimental  results.  Similar  trends  were  observed  for  the  Re  =  50,000  where  the 
separation  region  was  significantly  under-predicted  compared  to  experimental  results  (Fig  6.4(a)- 
(b)). 
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Figure  6.4.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental  (Re  =  25.000) 

results  135 1  at  inlet  Re  =  31.000  for  the  Aft-Loaded  L1A  blade  airfoil 


6.1.3  Unsteady  Features  of  the  Flowfield 

The  unsteady  features  of  the  flowfield  were  investigated  to  understand  the  behavior  of  the 

flow  separation  and  vortex  generation.  Instantaneous  contour  plots  of  vorticity  were  used  to 

visualize  the  features  of  the  flowfield.  The  flowfield  was  periodically  repeated  for  two  pitch 

lengths  to  aid  the  visualization  of  vortex  shedding  in  the  wake  region.  For  the  Re  =  50,000  case, 

a  total  of  221,549  time-step  or  0.425sec  were  used  for  averaging  of  mean  flow  quantities  with  a 

flow  time  step  of  2  //sec.  The  total  flow-time  was  0.181sec  and  mean  flow-averaging  was  2.35 

of  the  flow-time  interval  calculated  with  Eq.  (4.1).  In  Figure  6.6(a)-(b),  the  separated  shear  layer 

on  blade  suction  surface  consistently  produced  a  clockwise  vortex,  while  smaller  counter- 
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clockwise  vortices  were  present  beneath  the  separated  shear  layer  vortex.  As  the  separated  shear 
layer  vortex  traveled  downstream,  it  disrupted  the  smaller  vortices  originally  located  beneath  it 
and  continued  to  move  downstream  into  the  wake  region  as  shown  in  Figure  6.6(c)-(d).  Once 
this  vortex  reached  the  wake  region  it  began  to  dissipate  rapidly  across  the  pitch.  Also,  the 
pressure  surface  shear  layer  from  the  trailing  edge  produced  small  counter-clockwise  vortices 
that  moved  downstream  in  the  wake  region  (Fig  6.6(a)).  The  structure  of  the  shear  layer  vortex 
was  similar  to  the  experimental  flow  visualization  completed  by  Marks  et  al.  [35]  at  Re  =  60,000 
shown  in  Figure  6.5(a).  The  suction  side  vortices  in  CFD  predictions  stayed  near  the  blade 
surface  whereas  the  experiment  indicated  the  vortices  moved  into  the  freestream. 


^ '' 

Re=60k  (a) 

^ T.E. 

Re=25k  (b) 

Figure  6.5.  Instantaneous  flow  visualizations  of  Marks  et  ai  [351  at  (a)  Re  =  60.000  and  (b)  25.000.  Tu  =  0.5% 

for  the  Aft-Loaded  LI  A  blade  airfoil.  Image  view  taken  52.5%  axial  chord  location  to  the  trailing  edge. 
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Figure  6.6.  Instantaneous  vorticity  contours  at  Re  =  50,000,  Tu  =  0.5%,  L  =  50mm  for  the  Aft-Loaded 

LI  A  blade  airfoil 


In  Figure  6.7(a)-(d),  the  flowfield  unsteadiness  of  the  Re  =  31,000  case  is  shown.  The 
flow  time-step  was  10//sec  with  99,245  time-steps  or  0.990sec  being  used  for  mean-flow 
averaging.  The  total  flow-time  was  0.292sec  and  mean  flow-averaging  was  3.39  of  the  flow¬ 
time  interval.  The  suction  side  separated  shear  layer  produced  a  clockwise  vortex  that  was 
similar  in  size  as  the  Re  =  50,000  case.  Also,  the  structure  of  the  separated  shear  layer  vortex 
was  comparable  to  the  experimental  flow  visualizations  at  Re  =  25,000  in  Figure  6.5(b).  As  in 
the  Re  =  50,000  case,  there  was  a  thin  shear  layer  located  directly  beneath  the  separated  shear 
layer  vortex  as  it  lifted  off  the  blade  surface.  This  thin  shear  layer  separated  from  the  blade 

surface  and  produced  small  counterclockwise  vortices  that  interacted  with  the  separated  shear 
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layer  vortex  and  traveled  downstream  to  the  wake  region.  The  trailing  edge  shear  layer  produced 
a  small  counterclockwise  vortex  that  would  periodically  increase  in  size,  roll  up  on  the  suction 
side  near  the  trailing  edge,  and  interact  with  the  separated  shear  layer  vortex.  These  vortices 
began  to  dissipate  across  the  pitch  length  as  they  reached  the  wake  region. 


Figure  6.7.  Instantaneous  vorticity  contours  at  Re  =  31,000,  Tu  =  0.5%,  L  =  50mm  for  the  Aft-Loaded 

LI  A  blade  airfoil 


The  time  signal  and  the  FFT  of  the  drag  coefficient  were  calculated  for  the  Aft-Loaded 
LI  A  blade  for  both  Reynolds  numbers  at  low  turbulence  intensity.  The  frequency  resolution  was 
2Hz  and  1Hz  for  the  Re  =  50,000  and  Re  =  31,000  cases,  respectively.  In  Figure  6.8(a),  there 
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were  several  dominant  and  harmonic  frequencies  calculated  using  the  FFT  for  the  Re  =  50,000 
case.  An  animation  of  the  last  41,400  time-steps  was  made  to  help  determine  the  shedding 
frequency  for  the  main  vortices  present  in  the  flowfield.  The  shedding  events  were  counted 
individually,  divided  by  the  animation  time  interval  of  0.0828sec  to  estimate  the  shedding 
frequency,  and  compared  to  frequencies  calculated  from  the  FFT.  Also,  Figure  6.8(c)-(d)  and 
shows  the  shedding  frequency  for  each  vortical  structure  for  the  Re  =  50,000  and  31,000  cases, 
respectively.  It  was  determined  that  the  separated  shear  layer  vortex  was  being  shed  at  frequency 
of  108Hz,  while  the  smaller  suction  side  vortices  were  shed  at  approximately  33Hz  and  75Hz. 
Also,  the  vortex  created  by  the  pressure  side  separation  region  was  shedding  at  a  frequency  of 
48Hz.  The  trailing  edge  vortices  had  little  impact  on  the  blade  drag  coefficient  because  the 
vortex  shedding  did  not  occur  until  the  shear  layer  reached  the  wake  region  (Fig  6.8(c)).  A 
vortex  shedding  frequency  of  350Hz  was  estimated  for  the  smaller  trailing  edge  vortex.  At  Re  = 
31,000  (Fig  6.8(b))  the  shedding  frequencies  were  estimated  from  the  animation  time  interval  of 
the  last  0.3941  sec  mean  flow-averaging.  It  was  determined  the  separated  shear  layer  vortex  was 
being  shed  at  a  frequency  of  51  Hz,  while  the  smaller  suction  side  vortices  were  shed  at 
approximately  18Hz  and  32Hz.  The  large  trailing  edge  vortex  would  periodically  roll-up  on  the 
suction  surface  at  a  frequency  of  22Hz  while  the  smaller  trailing  edge  vortices  were  shedding  in 
the  wake  region  at  102Hz  (Fig  6.8(d)).  Table  6.1  shows  the  separation  location,  shedding 
frequencies,  and  corresponding  Strouhal  numbers  calculated  from  Eq.  4.1. 
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Figure  6.8.  Time  signal,  FFT  calculation  of  the  drag  coefficient,  instantaneous  vorticity  contours  at  (a)-(c)  Re  = 

50,000  and  (b)-(d)  Re  =  31,000,  Tu  =  0.5%,  and  lm  =  50  mm 


Pressure  Side 

Suction  Side 

Trailing  Edge 

Re 

IJmm) 

XSep/CX 

fshed 

St 

fshed 

St 

fshed 

St 

fshed 

St 

fshed 

St 

50,000 

50 

0.628 

48Hz 

0.0010 

108Hz 

0.0010 

75Hz 

0.0016 

33Hz 

0.00071 

350Hz 

0.0076 

31,000 

50 

0.633 

32Hz 

0.0016 

51  Hz 

0.0025 

18Hz 

0.00087 

32Hz 

0.0015 

102Hz 

0.0049 

Table  6.1.  Summary  of  the  separation  location  and  Strouhal  number  for  the  Aft-Loaded  LI  A  blade  at  Tu  =  0.5% 


6.1.4  Total  Pressure  Loss  Coefficient  Predictions 

The  total  pressure  loss  coefficient  obtained  from  the  CFD  was  compared  to  the 

experimental  results  of  Marks  et  al.  [35]  as  shown  in  Figure  6.9.  The  CFD  using  the  Walters  and 

D.  Sanders  135 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

242 

Approved  for  public  release;  distribution  unlimited. 


Chapter  6.  The  Aft-Loaded  L1A  Blade  CFD  Results 


Leylek  [2]  k-kp-co  transitional  model  significantly  under-predicted  the  maximum  value  of  the  loss 
coefficient  compared  to  the  experimental  results  for  both  inlet  Reynolds  numbers.  Also,  the 
width  of  the  wake  region  was  over-predicted  due  to  the  unsteady  vortices  being  spread  across  the 
wake  region.  The  high  numerical  specific  dissipation  rate  calculated  from  the  k-kL-co  model 
caused  the  total  pressure  loss  from  vortices  created  from  the  separated  shear  layers  to  be  under¬ 
predicted  and  over-predict  the  width  of  the  wake  region.  Table  6.1  shows  that  better  agreement 
was  achieved  when  comparing  the  integrated  loss  coefficient  with  81%  and  97%  agreement  for 
Re  =  50,000  and  Re  =  31,000  to  the  experimental  results,  respectively.  This  indicated  that  the  k- 
ki_-(D  model  predicted  an  adequate  amount  of  viscous  losses  but  the  distribution  of  the  viscous 
losses  across  the  wake  region  was  not  well  predicted.  This  could  be  due  to  the  limitation  of  the 
k-kL-<x>  model  to  dampen  the  production  of  any  small  scale  turbulent  structures.  The  dynamic 
behavior  of  the  small  scale  turbulence  is  not  present  to  attribute  to  viscous  losses.  The  large 
coherent  vortices  produced  from  the  separated  shear  layer  dissipate  more  across  the  wake  region. 


Figure  6.9.  Comparison  of  total  pressure  loss  coefficient  with  experimental  1351  result  at  inlet  Reynolds 

numbers  of  (a)  50.000  and  (b)  31.000  for  the  Aft-Loaded  LI  A  blade  airfoil 
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Re 

IJmm) 

Integrated  Loss  Coefficient 

Maximum  Loss  Coefficient 

CFD 

Marks  et  al  [35] 

CFD 

Marks  et  al.  [35] 

50,000 

50 

0.4131 

0.5099 

0.7001 

1 .5974 

31,000 

50 

0.5715 

0.5526 

0.9391 

1 .6549 

Table  6.2.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with 
the  experimental  f351  results  for  the  Aft-Loaded  LI  A  blade  airfoil 


6.2  CFD  Predictions  at  High  Inlet  Turbulence  intensity 

Simulations  were  completed  with  the  Aft-Loaded  L1A  blade  at  higher  inlet  turbulent 
intensities  to  determine  if  prediction  capability  using  the  k-kL-<x>  model  would  improve  at  similar 
inlet  Reynolds  numbers.  The  inlet  turbulence  intensity  was  set  to  3.4%  corresponding  to 
experiments  completed  with  the  turbulence  grid  placed  at  the  inlet  of  the  LSWT.  Unsteady 
simulations  were  completed  at  Re  =  50,000  and  25,000  and  compared  to  experiments  taken  by 
Marks  et  al.  [35],  CFD  simulations  completed  with  Menter’s  k-co(SST)  turbulence  model  and  the 
Clark  et  al.  [24]  transition  model.  The  inlet  turbulent  length  scale  was  measured  as  lm  =  40mm 
by  McQuilling  [34]  at  Tu  =  3.4%  for  the  LWST.  Simulations  were  also  completed  at  lm  =  4mm, 
Tu  =  3.4%  to  investigate  the  impact  of  the  length  scale  on  the  CFD  predictions  at  high  inlet 
turbulent  intensities.  Comparisons  were  made  using  the  surface  static  pressure  coefficient,  mean 
and  RMS  velocity  contours,  and  total  pressure  loss  coefficient. 

6.2.1  Surface  Static  Pressure  Coefficient 

In  Figure  6.10,  the  mean  static  pressure  coefficient  distributions  were  compared  to  the 
measurements  of  Marks  et  al.  [35]  and  CFD  results  of  Clark  [25],  Also,  CFD  simulations 
completed  with  the  k-kL-co  model  at  lm  =  4mm  &  40mm  and  k-afSST)  model  at  lm  =  40mm  were 
included  in  Figure  6.10(a)-(b).  At  Re  =  50,000,  the  k-kL-co  model  at  both  inlet  turbulent  length 
scales  predicted  a  similar  pressure  distribution  due  to  flow  separation  and  turbulent  reattachment 
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which  were  comparable  to  Clark’s  CFD  results.  The  turbulent  reattachment  point  from  the 
Clark’s  CFD  results  indicated  that  reattachment  location  was  slightly  upstream  than  the  k-kL-co 
model  results.  The  experimental  result  had  higher  suction  surface  peak  velocity  than  all  the  CFD 
simulations  which  indicated  the  experimental  results  had  a  higher  loading  level.  However,  the 
shape  of  the  pressure  distribution  due  to  the  reattaching  separation  bubble  in  the  experimental 
results  was  similar  to  the  CFD  results  using  the  k-kL-<x>  and  Clark  and  Praisner  [24]  transitional 
flow  models.  The  CFD  prediction  using  Menter’s  k-co(SST )  turbulence  model  did  not  show  an 
indication  of  a  closed  separation  bubble  on  the  blade  suction  surface.  The  pressure  distribution 
showed  an  indication  of  a  separation  region  starting  at  the  80%  axial  chord  location. 

When  the  Reynolds  number  was  decreased  to  25,000,  the  length  of  the  separation  region 
on  the  suction  surface  increased  for  all  results  (Fig  6.10(b)).  Both  the  k-co(SST )  turbulence 
model  and  Clark’s  CFD  results  predicted  a  separated  flow  region  to  the  trailing  edge  and  showed 
a  constant  pressure  starting  at  the  60%  axial  chord  location  which  was  not  measured  in  the 
experimental  results.  The  experiment  as  in  Re  =  50,000  case  had  a  higher  loading  level  than 
CFD  results  but  the  k-kL-co  model  produced  the  best  agreement  with  experimental  results  on  the 
static  pressure  behavior  of  the  separation  region.  Also,  the  prediction  of  the  static  pressure 
distribution  was  independent  of  inlet  turbulent  length  scale  using  the  k-kL-co  model. 
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Re  =  50,000,  Tu  =  3.4% 


-  Lm=40mm.  k-omega(SST)  model  - Clark  Transition  Model  [25] 

-Lm=4mm.  k-kL-omega  Model  ♦  Experimental[35] 

-  Lm=40mm,  k-kL-omega  Model 
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Figure  6.10.  Comparison  of  surface  static  pressure  coefficient  with  Clark  et  at  T251  simulations  and  experimental 

results  T351  at  inlet  Reynolds  numbers  of  a)  50.000  and  b)  25.000.  Tu  =  3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil 


6.2.2  Mean  and  RMS  Velocity  Contours 

A  CFD  comparison  of  the  mean  and  RMS  velocity  contours  was  made  with  the 
experimental  PIV  measurements  taken  by  Marks  et  al.  [35]  at  high  turbulent  intensities.  The 
RMS  contours  have  been  modified  to  include  the  unsteadiness  due  to  turbulence  because  a 
significant  portion  of  the  flow  unsteadiness  goes  into  the  production  of  turbulence  using  the  k-k,L- 
co  model.  The  RMS  velocity  was  calculated  using  Eq.  (6.1). 

URMS  =  U  RMS  (global)  (6.1) 

Isotropic  turbulence  was  assumed  in  order  to  relate  the  turbulent  intensity  to  the  RMS  velocity 
using  Eq.  (1.20).  The  flow  unsteadiness  from  the  separated  shear  layers  contributed  10%  of  the 
total  RMS  velocity  whereas  90%  the  flow  unsteadiness  went  into  the  production  of  turbulence. 
The  k-kL-co  model  is  based  on  the  RANS  CFD  method.  The  limitation  with  k-kL-a>  model  was 
any  small  scale  unsteadiness  present  in  the  flowfield  went  into  the  production  of  turbulence  at 
the  high  inlet  turbulent  intensity  predictions  even  if  the  simulation  was  run  as  unsteady. 
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For  the  k-kL-co  model  simulations,  a  total  of  50,000  time-steps  were  used  for  averaging  of 
mean  flow  quantities  with  a  flow  time  step  of  40//sec,  while  all  the  steady  flow  simulations  were 
completed  with  Menter’s  k-co(SST)  model  at  both  Reynolds  numbers.  For  the  Re  =  50,000  case  in 
Figure  6.11,  there  was  a  difference  in  the  prediction  of  the  separation  region  in  the  k-kL-co  model 
results.  The  lower  dissipation  present  in  the  lm  =  40mm  case  (Fig  6.11(b))  caused  the  separation 
region  to  increase  on  the  blade  surface  compared  to  the  lm  =  4mm  case  in  Fig  6.1 1(a).  This  same 
observation  was  made  with  the  Lightly  Loaded  blade  in  Section  4.2.2,  e.g.,  that  the  freestream 
eddies  no  longer  couple  to  the  boundary  layer  through  the  turbulence  model  causing  the  increase 
in  the  separation  region.  The  lm  =  4mm  case  closely  resembled  the  experimental  PIV  result 
which  indicated  a  closed  separation  region  starting  at  approximately  the  60%  axial  chord 
location.  The  fully  turbulent  flow  simulation  using  the  k-co(SST)  model  predicted  a  larger 
separation  region  than  the  k-kL-co  model  at  the  same  length  inlet  turbulent  length  scale,  which 
was  not  observed  in  the  experimental  result. 

The  RMS  velocity  contour  plots  in  Figure  6.12  show  the  flow  unsteadiness  produced 
from  the  separated  shear  layer  in  the  k-kL-co  model  result  was  under-predicted  compared  to  the 
experimental  result  (Fig  6.12(c))  particularly  in  the  57%-79.4%  axial  chord  locations. 
Downstream  of  the  79.4%  axial  chord  location,  a  similar  amount  of  unsteadiness  was  observed  in 
the  k-kL-co  model  and  experimental  results.  The  increase  in  the  inlet  turbulent  length  caused  the 
amount  of  unsteadiness  in  the  separation  region  to  slightly  increase  (Fig  6.12(b))  in  the  k-kL-co 
model  results.  The  experimental  flow  visualizations  in  Fig.  6.12(d)  show  a  closed  separation 
region  with  turbulent  structures  immediately  downstream.  These  structures  were  not  present  in 
the  instantaneous  flowfield  predictions  in  the  k-kL-co  model  results  due  to  the  limitation  of  model 
at  high  inlet  turbulent  intensities. 
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Figure  6.11.  Mean  velocity  contour  comparisons  of  k-kT_-co  model  at  (a)  L  =  4mm,  (b)  L=40mm ,  (c)  k-co(SST)  model 

at  L  =40mnu  and  (d)  PIV  result  of  Marks  et  al.  1351  at  Re=50,000,  Tu=3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil 


Figure  6.12.  RMS  velocity  contour  comparisons  of  k-kT_-co  model  at  (a)  L  =  4mm ,  (b)  L=40mm ,  (c)  PIV  result, 
and  (d)  flow  visualizations  of  Marks  et  al.  f351  at  Re=50,000,  Tu=3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil 
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At  the  Re  =  25,000,  both  the  k-ki- co  model  result  at  lm  =  4mm  and  40mm  showed  a  similar 
prediction  of  the  separation  region  as  shown  in  Figure  6.13(a)-(b).  Both  simulations  predicted  a 
separation  region  to  the  trailing  edge  as  the  experimental  result  shown  in  Figure  6.13(d),  yet  the 
CFD  result  using  the  k-kL-co  model  predicted  a  smaller  separation  compared  to  experimental 
result.  The  fully  turbulent  flow  simulation  in  Figure  6.13(c)  using  the  k-co(SST )  model  was 
found  to  be  more  comparable  with  the  experimental  result  on  the  prediction  on  the  size  of  the 
separation  region.  The  RMS  velocity  contour  plot  comparison  in  Figure  6.14(a)-(b)  for  the  k-ki  - 
co  model  showed  the  RMS  velocity  produced  from  the  separated  shear  layer  was  under-predicted 
compared  to  the  experimental  PIV  results  (Fig.  6.14(c)).  This  was  due  to  the  dampening  of  the 
effect  the  separated  shear  layer  had  on  the  flowfield  unsteadiness  similar  to  the  Re  =  50,000  case. 
According  to  the  flow  visualizations  by  Mark  et  al.  [35]  (Fig  6.14(d)),  laminar  flow  eddies  were 
generated  from  the  separated  shear  layer  and  transitioned  to  turbulence  further  downstream  of 
the  separation  point.  The  dampening  of  the  global  unsteady  effects  using  the  k-k^-oj  model  at 
high  inlet  turbulence  intensity  was  observed  for  both  inlet  Reynolds  numbers.  A  significant 
portion  of  the  flow  unsteadiness  went  into  the  production  of  turbulence.  As  a  result,  there  was 
not  any  vortex  shedding  observed  in  the  wake  region  as  seen  at  the  lower  inlet  turbulent 
intensities. 
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Figure  6.13.  Mean  velocity  contour  comparisons  of  k-kT_-co model  at  (a)  L  =  4mm,  (b)  L=40mm ,  (c)  k-co(SST)  model 

at  L  =40mrru  and  (d)  PIV  result  of  Marks  et  al  1351  at  Re=25,000,  Tu=3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil 


0.2  0.4  0.6  0.8  1 
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Figure  6.14.  RMS  velocity  contour  comparisons  of  k-kL-  co  model  at  (a)  L  =  4mm ,  (b)  L=40mm ,  (c)  PIV  and 

(d)  flow  visualizations  of  Marks  et  al.  f351  at  Re=25,000,  Tu=3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil 
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6.2.3  Boundary  Layer  Velocity  Profiles 

The  time-averaged  axial  velocity  profiles  were  obtained  at  ten  axial  chord  locations  for 
Re  =  50,000  and  25,000  at  Tu  =  3.4%  as  shown  in  Figure  6.15  and  Figure  6.16,  respectively.  For 
Re  =  50,000,  all  three  CFD  results  were  in  good  agreement  with  each  other  on  the  prediction  of 
the  thickness  of  the  boundary  layer  up  to  the  60.4%  axial  chord  location.  Yet,  all  the  CFD 
under-predicted  the  boundary  layer  thickness  compared  to  the  experimental  results  starting  at  the 
57%  and  up  to  the  74.1%  axial  chord  location.  The  separation  point  was  reported  to  be  near 
*62%  axial  chord  location  and  the  flow  reattached  between  the  79.4  and  85%  axial  chord  for 
experimental  result.  The  k-co(SST )  model  case  predicted  the  separation  point  at  79.2%  axial 
chord  location  and  the  boundary  layer  remained  separated  to  the  trailing  edge.  In  the  k-kL-co 
model  results,  the  separation  point  was  more  downstream  compared  to  the  experimental  results  at 
the  65.9%  and  65.1%  axial  chord  location  for  the  lm  =  4mm  and  lm  =  40mm  cases,  respectively. 
The  increase  in  length  scale  caused  a  larger  separation  region  with  more  reversed  flow  compared 
to  the  lm  =  4mm  case.  Also,  reversed  flow  was  present  to  the  trailing  edge  for  the  lm  =  40mm 
case  whereas,  the  lm  =  4mm  case  showed  the  boundary  layer  being  reattached  at  the  89%  axial 
chord  location. 
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Figure  6.15.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental  results  [351  at 

inlet  Re  =  50.000  for  the  Aft-Loaded  L1A  blade  airfoil  at  Tu  =  3.4% 


The  prediction  of  the  separation  point  at  63%  axial  chord  was  independent  of  the  inlet 
length  scale  variation  for  the  k-kL-co  model  at  Re  =  25,000.  The  lm  =  40mm  case  predicted  a 
slightly  larger  separation  region  approaching  the  trailing  edge  as  shown  at  the  94.2%  axial  chord 
location.  Yet,  both  of  the  k-kL-co  model  predictions  under-predicted  the  separation  region 
compared  to  the  experimental  results  starting  at  the  60.4%  axial  chord  location.  The  best 
agreement  was  achieved  with  the  experimental  results  with  the  k-co(SST)  model  prediction  with 
the  separation  point  at  63.2%  axial  chord  location.  The  size  of  the  separation  region  and  the 
amount  of  reversed  flow  was  good  agreement  with  experimental  results  to  the  89%  axial  chord 

location  where  the  k-co(SST)  model  over-predicted  the  amount  of  reversed  flow. 
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Figure  6.16.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  with  experimental  results  T351  at 

inlet  Re  =  25.000  for  the  Aft-Loaded  LI  A  blade  airfoil  at  Tu  =  3.4% 


6.2.4  Total  Pressure  Loss  Coefficient  Predictions 

The  wake  loss  coefficient  obtained  from  the  CFD  predictions  at  inlet  high  turbulence 
intensity  was  compared  to  experimental  results  in  Figure  6.17.  For  the  Re  =  50,000  case,  both  of 
the  k-kL-co  model  results  under-predicted  the  loss  coefficient  compared  to  the  experimental 
results  with  60%  and  65%  agreement  in  the  peak  loss  coefficient  for  the  lm  =  4mm  and  lm  = 
40mm  cases,  respectively.  The  reason  for  this  was  due  to  the  under-prediction  of  the  separation 
region  and  the  absence  of  the  unsteady  vortex  shedding  observed  in  the  experimental  results. 
Better  agreement  was  achieved  when  comparing  the  integrated  wake  loss  coefficient  with  83% 
agreement  with  the  experimental  results  for  the  lm  =  40mm  case.  This  indicated  the  amount  of 
viscous  losses  produced  by  the  k-kL-co  model,  lm  =  40mm  case  was  similar  to  the  experimental 
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results  but  the  viscous  losses  were  dissipated  across  the  wake  more  causing  a  reduction  in  the 
peak  loss  coefficient.  The  increase  in  the  inlet  turbulent  length  scale  caused  a  9%  increase  in  the 
peak  loss  coefficient  and  33%  increase  in  the  integrated  wake  loss  coefficient  due  to  the  larger 
separation  region  present  on  the  blade  suction  surface  and  lower  dissipation  present  in  the  wake 
region.  The  k-co(SST)  model  produced  an  89%  and  72%  agreement  in  the  peak  and  integrated 
loss  coefficient  with  the  experimental  results,  respectively.  Yet,  the  behavior  of  the  blade 
loading  and  separation  on  suction  side  did  not  qualitatively  agree  with  the  experimental  results. 

The  same  trend  was  observed  for  the  Re  =  25,000  where  the  k-kL-co  model  results  under¬ 
predicted  the  loss  coefficient,  with  70%  and  66%  agreement  in  the  peak  value  of  the  loss 
coefficient  for  the  lm  =  4mm  and  lm  =  40mm  cases,  respectively  compared  to  the  experimental 
result.  Better  comparisons  were  made  with  the  integrated  wake  loss  coefficient.  The  k-kL-co 
model  results  produced  92%  and  87%  agreement  with  the  experimental  results.  For  the  Re  = 
50,000  case,  the  k-kL-co  model  predicted  the  amount  of  viscous  losses  but  the  distribution  across 
the  wake  region  was  different.  Also,  the  absence  of  vortex  shedding  caused  the  k-kL-co  model  to 
under-predict  the  peak  loss  coefficient.  Figure  6.17(b)  shows  that  the  k-co(SST)  model  grossly 
over-predicted  the  peak  loss  coefficient  by  112%  mainly  due  to  the  over-prediction  of  the  extent 
of  the  separation  region  in  the  wake  region. 
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Figure  6.17.  Comparison  of  total  pressure  loss  coefficient  with  experimental  f351  result  at  inlet  Reynolds 

numbers  of  (a)  50,000  and  (b)  25,000  for  the  Aft-Loaded  LI  A  blade  airfoil  at  Tu  =  3.4% 


Re 

lm( mm) 

CFD 

Model 

Integrated  Loss  Coefficient 

Maximum  Loss  Coefficient 

CFD 

Marks  et  al.  [35] 

CFD 

Marks  et  al  [35] 

50,000 

4 

k-kL-0J 

0.1502 

0.2397 

0.4083 

0.6791 

40 

k-kL-0J 

0.2000 

0.4432 

40 

k-w(SST) 

0.1714 

0.7549 

25,000 

4 

k-kL-co 

0.4208 

0.3893 

0.7494 

1 .0774 

40 

k-kL-co 

0.4383 

0.7119 

40 

k-w(SST) 

0.8471 

2.2932 

Table  6.3.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the 

experimental  f351  results  for  the  Aft-Loaded  LI  A  blade  airfoil  at  Tu  =  3.4% 


6.3  Summary  of  Results 

The  flowfield  of  the  Aft-Loaded  LI  A  blade  airfoil  was  simulated  at  inlet  Reynolds 
numbers  of  50,000  and  25,000.  The  flowfield  was  very  complex  due  to  the  very  high  loading 
level  and  strong  suction  surface  adverse  pressure  gradient.  The  surface  static  pressure 
distribution,  boundary  layer  profiles,  and  the  wake  total  pressure  loss  coefficient  were  compared 
to  available  experimental  and  CFD  data.  Also,  the  unsteady  features  of  separation  were 
qualitatively  investigated  at  high  and  low  inlet  turbulent  intensities.  Good  agreement  was 
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achieved  with  the  experimental  results  on  the  prediction  of  the  separation  location  and  the  blade 
loading  at  low  turbulent  intensities.  The  k-ki-co  model  demonstrated  the  ability  to  predict  the 
qualitative  flow  response  to  the  unsteady  vortex  shedding  due  to  the  separated  shear  layers  as 
observed  in  the  experimental  flow  visualizations.  Yet,  the  CFD  results  at  both  Reynolds 
numbers  under-predicted  the  size  of  the  separation  region  which  resulted  in  the  under-prediction 
of  the  peak  value  of  the  loss  coefficient.  Better  comparisons  were  achieved  in  the  prediction  of 
the  integrated  loss  coefficient  with  80%  or  better  agreement  with  the  experimental  results.  This 
indicated  that  the  amount  viscous  losses  produced  was  comparable  to  the  experimental  results, 
but,  the  higher  dissipation  caused  those  losses  to  be  distributed  more  across  the  wake. 

Similar  trends  were  observed  for  simulations  at  the  higher  inlet  turbulent  intensities. 
The  qualitative  effects  of  the  blade  loading  were  adequately  predicted,  but,  the  size  of  the 
separation  region  was  under-predicted  with  the  k-ku-co  model.  Also,  the  unsteady  vortex 
generation  from  the  separated  shear  layers  was  not  present  in  the  CFD  results  using  the  k-kL-co 
model.  The  absence  of  the  unsteady  effects  from  vortex  shedding  the  caused  the  under¬ 
prediction  of  the  maximum  value  of  wake  loss  coefficient.  Increasing  the  inlet  turbulent  length 
scales  from  lm  =  4  mm  to  lm  =  40mm  caused  an  increase  in  the  size  of  separation  region  due  to 
the  lower  dissipation  present  in  the  flowfield  with  a  similar  static  pressure  distribution.  As  in  the 
low  turbulence  intensity  cases,  better  agreement  was  achieved  with  the  integrated  wake  loss 
coefficient.  The  fully  turbulent  k-afSST)  model  was  simulated  at  the  same  inlet  Reynolds 
number  to  determine  if  it  would  provide  a  better  prediction  than  the  k-kL-co  model  at  higher 
turbulent  intensities.  Better  agreement  with  the  experimental  result  was  achieved  at  Re  =  50,000 
in  comparing  the  peak  loss  coefficient  but,  the  qualitative  flow  effects  of  the  blade  loading  and 
the  separation  location  did  not  agree  well  with  experimental  results.  At  Re  =  25,000,  good 
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agreement  was  achieved  on  the  size  of  the  separation  region  yet,  the  loss  coefficient  was  grossly 
over-predicted  using  the  k-co(SST)  model.  Overall,  the  Walters  and  Leylek’s  [2]  k-kL-co 
transitional  model  flow  was  achieved  better  prediction  of  the  low  Reynolds  number  aerodynamic 
flow  effects  than  the  conventional  k-co(SST)  turbulence  model  for  the  Aft-Loaded  LI  A  blade 
airfoil  at  higher  turbulent  intensities. 
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CHAPTER  SEVEN 


7.  Aft-Loaded  L1A  Blade  with  Upstream  Wake  Generators 

The  CFD  model  of  the  Aft-Loaded  LI  A  blade  with  upstream  wake  generators  presented 
in  Section  3.1.2  was  run  at  Re  =  25,000  at  high  and  low  inlet  turbulent  intensities.  The  inlet 
turbulent  boundary  conditions  for  the  low  turbulence  intensity  case  were  set  to  Tu  =  0.5%  with 
an  inlet  turbulent  length  scale,  lm  =  50mm,  whereas  the  high  turbulence  intensity  case  was 
simulated  at  Tu  =  3.4%  and  lm  =  40mm.  These  inlet  turbulent  boundary  conditions  corresponded 
to  the  baseline  CFD  simulations  completed  without  upstream  wakes.  In  the  cascaded  experiment 
on  the  LI  A  blade,  circular  cylinders  were  used  to  generate  an  upstream  translating  wake 
impinging  on  the  downstream  blade.  The  purpose  of  this  study  was  to  simulate  the  periodic 
disturbances  associated  with  rotor/vane  flow  interactions  encountered  in  a  multistage  LPT 
geometry,  where  wakes  shed  from  an  upstream  vane  propagate  and  impinge  on  the  downstream 
rotor  blade. 

Unsteady  simulations  were  completed  for  both  the  high  and  low  turbulence  intensity 

cases  based  on  the  experimental  results  of  Nessler  et  al.  [37,48]  taken  in  the  AFRL  LSWT.  This 

included  matching  the  flow  coefficient  (®  =  Uaxia/urod)  of  0.817  and  cylindrical  rod  speed,  urod  = 

2.298m/sec.  The  low  turbulence  intensity  case  utilized  a  total  of  112,799  time-steps  or 

0.2256sec  for  averaging  of  mean-flow  quantities  with  the  flow  time-step  of  2//sec.  The  total 

flow-time  interval  through  the  CFD  domain  was  0.436sec  and  the  mean-flow  averaging  interval 

represented  0.516  flow-time  intervals.  The  high  turbulence  intensity  cases  used  112,199  time- 

steps  or  0.2244sec  for  mean  flow-averaging  and  this  interval  represented  0.514  flow-time 
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intervals.  The  flowfield  of  the  upstream  wake  configuration  of  the  Aft- Loaded  LI  A  blade  airfoil 
was  compared  with  the  CFD  predictions  and  experiments  of  the  baseline  Aft-Loaded  LI  A  blade 
cases. 


7.1  CFD  Predictions  for  the  Wake  Generator 

The  flowfield  of  the  upstream  wake  generators  was  investigated  in  order  to  characterize 
the  wake  produced  by  the  circular  cylinder  that  impinged  upon  the  downstream  Aft-Loaded  LI  A 
blade  airfoil.  The  inlet  Reynolds  number  based  on  diameter  of  the  cylinder  and  the  relative 
velocity  was  794.  Flowfield  comparisons  were  made  against  reported  theory,  since  the  flowfield 
around  a  circular  cylinder  has  been  presented  in  many  fluid  dynamics  texts  [7-9].  The  cylinder 
surface  static  pressure,  vortex  shedding  behavior,  and  wake  properties  were  calculated  for  at  high 
and  low  inlet  turbulent  intensities  and  the  results  are  discussed  in  the  next  sections. 


7.1.1  Surface  Static  Pressure  Coefficient 

Figure  7.1  shows  the  wake  generator  mean  surface  static  pressure  coefficient  for  both 
high  and  low  turbulent  intensities  as  calculated  with  Eq.  (7.1) 


Cp  = 


(Ps 


surface 


-PJ 


1 


PWu 


(7.1) 


where  the  wm  is  the  inlet  relative  velocity.  The  static  pressure  coefficient  was  plotted  as  a 
function  of  angular  surface  location  (0)  from  the  stagnation  point.  The  CFD-predicted  static 
pressure  distribution  was  similar  to  that  reported  results  in  several  fluid  dynamic  texts  [7,8] 
where  the  boundary  layer  remained  attached  in  the  favorable  pressure  gradient  for  6  up  to  75  °, 
and  separated  from  the  wake  generator  surface  once  it  reached  the  adverse  pressure  gradient 
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portion  of  the  wake  generator  surface.  The  static  pressure  distribution  was  very  similar  for  both 


the  low  and  high  turbulence  intensity  cases  with  a  predicted  separation  location  of  103.5°.  This 
location  corresponded  to  a  laminar  boundary  flow  separation  point  and  was  within  95% 
agreement  of  the  108.8°  separation  point  for  laminar  flow  around  a  circular  cylinder  calculated 
using  the  Blasius  series  [49].  Investigations  indicated  that  the  turbulent  kinetic  energy  around 
the  wake  generator  was  an  order  of  magnitude  smaller  than  the  freestream  value  and  confirmed 
that  the  boundary  layer  was  predicted  as  laminar. 


Figure  7.1.  The  mean  surface  static  pressure  coefficient  at  Ren  =  794  at  (a)  Tu  =  0.5%,  L  =  50mm  and  (b)  Tu  =  3A%* 

/„,  =  40mm  for  the  wake  generator 


7.1.2  Unsteady  Features  of  the  Flowfield 

Contour  plots  of  the  vorticity  in  the  spanwise  or  z-direction  were  made  to  show  unsteady 
vortex  generation  of  the  upstream  wake  generator  as  shown  in  Figure  7.2.  The  z-vorticity  (Of 
was  calculated  using  Eq.  (7.2) 

Qz=(vxw)-k  (7.2) 
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where  k  is  the  unit  vector  in  the  z-direction  and  W  is  the  relative  velocity  vector.  Figure  7.2 
shows  the  separated  shear  layer  from  the  wake  generator  produced  two  large  vortices.  Both  the 
low  and  high  inlet  turbulence  intensity  cases  produced  very  similar  vortex  shedding  behavior. 
The  shear  layer  on  the  top  surface  of  the  wake  generator  produced  a  clockwise  vortex  as 
indicated  by  the  positive  z-vorticity  whereas,  the  shear  layer  on  the  bottom  portion  of  the  wake 
generator  produced  a  counter-clockwise  vortex  with  negative  z-vorticity.  This  shedding  pattern 
is  known  as  a  von  Karman  vortex  street  [48].  The  FFT  calculation  of  the  dynamic  drag 
coefficient  showed  that  the  vortex  shedding  frequency  was  296  ±  4Hz  for  both  the  low  and  high 
turbulence  intensity  cases.  The  Strouhal  number  was  calculated  using  Eq.  (7.3) 

St  =  f°-  (7.3) 

u 

in 

with  the  result  St  =  0.23  for  the  both  the  low  and  high  turbulence  intensity  cases.  Table  7.1 
shows  the  vortex  shedding  frequency  and  Strouhal  number  based  on  characteristic  length  and 
momentum  thickness  at  separation  for  both  the  upstream  wake  generator  and  the  Aft-Loaded 
LI  A  blade. 
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Figure  7.2.  Instantaneous  Z-vorticitv  contours  at  Ren  =  794  at  (a)  Tu  =  0.5%,  L  =  50mm  and  (b)  Tu  =  3.4%,  L 

40mm  for  the  wake  generator 


7.1.3  Downstream  Wake  Characteristics 

Several  single  point  measurements  of  the  velocity  were  made  downstream  of  the  wake 
generator.  The  first  velocity  probe  was  located  one-half  of  the  blade  axial  chord  length  (8.9cm) 
downstream  from  wake  generator  center  and  one-half  of  the  blade  pitch  length  (8.95cm)  in  the 
axial  and  pitchwise  flow  directions,  respectively.  Figure  7.3  shows  the  time-signal  of  this  single 
point  velocity  probe  measurement  for  the  CFD  and  experimental  results  [37],  The  experimental 
measurements  were  taken  with  a  single  element  hot-film  probe  and  represented  a  100  blade 
passes  ensemble  time-averaged  measurements  of  the  velocity.  The  mean-flow  averaging  was 
completed  for  a  total  of  2.9  wake  passes  for  both  CFD  results  based  on  a  wake  passing  frequency 
of  12.77Hz.  The  wake  profiles  were  similar  for  the  CFD  results  due  to  the  laminar  boundary 
layer  present  on  the  wake  generator  surface  with  the  same  separation  location.  The  wake  was 
quantified  using  wake  width  b,  and  the  peak  velocity  deficit,  up.  The  peak  velocity  deficit  was 
calculated  using  Eq  7.4. 
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u 


p 


U  —  u0 
U 


(7.4) 


where  U  is  the  average  velocity  outside  the  wake  region  and  no  is  the  minimum  velocity  within 
the  wake  region  as  given  in  Table  7.1.  Both  CFD  result  had  a  122%  higher  peak  velocity  deficit 
and  35%  smaller  wake  width  compared  to  the  experimental  results.  This  could  be  attributed  to 
the  surface  of  the  actual  wake  generator  not  being  perfectly  circular  and  smooth.  The  boundary 
layer  of  the  real  hardware  may  have  been  turbulent,  thus  reduced  the  wake  peak  velocity  deficit 
in  the  experimental  results.  Currently,  a  simulation  of  the  wake  generator  is  being  completed  at 
the  same  inlet  conditions  as  the  low  and  high  turbulence  intensity  cases  using  the  fully  turbulent 
form  Wilcox  [11]  k-co  model.  This  will  determine  the  difference  between  a  wake  produced  from 
a  turbulent  boundary  layer  compared  to  a  laminar  boundary  layer  around  the  wake  generator.  If 
there  is  a  significant  difference  between  the  results,  future  work  will  explore  methods  of  tripping 
the  boundary  layer  around  the  wake  generator  to  become  turbulent  using  the  Walters  and  Leylek 
[2]  k-ki-co  model. 
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Figure  7.3.  Comparison  of  the  time-signal  of  the  wake  generator  velocity  for  CFD  at  Tu  =  0.5%  and 

3.4%  with  experimental  T371  single  point  hot-film  velocity  measurements  at  Tu  =  0.5%  for  Re  =  25.000 

For  the  high  inlet  turbulence  intensity  condition,  single  point  velocity  measurements  of 
the  wake  were  made  at  two  different  locations  within  the  blade  passage.  Velocity  Probe  #1  was 
placed  at  the  66.25%  axial  chord  position,  3.71  cm  above  and  normal  to  the  blade  surface 
whereas,  Velocity  Probe  #2  was  placed  at  the  80.63%  axial  chord  position,  2.87  cm  above  and 
normal  to  the  blade  surface.  Figure  7.4  shows  a  comparison  at  Tu  =  3.4%  between  the  CFD  and 
experimental  results  of  the  time  signal  of  the  blade  passage  velocity  at  the  Probe  #1  and  #2 
locations.  The  CFD  predictions  showed  a  higher  amplitude  change  of  velocity  compared  to  the 
experimental  results  for  both  probe  locations.  This  was  due  to  a  higher  peak  velocity  deficit 
produced  by  the  upstream  wake  generator  in  the  CFD  predictions.  Also,  the  time  variation  of 
Probe  #1  was  significantly  different  in  CFD  predictions  for  the  time  interval  of  0.76<  t<  0.81  sec 
range  (Fig.  7.4(a))  when  compared  to  the  experimental  results.  This  was  attributed  to  the  CFD 
only  having  3  wake  passes  to  average  over  instead  of  the  100  wake  passes  for  flow-averaging  in 

the  experimental  results  causing  the  local  peaks  in  this  range  to  be  significantly  reduced.  In 
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Figure  7.4(b),  the  flow-averaging  effect  was  reduced  because  of  the  higher  amplitude  change  of 
the  velocity  at  the  Probe  #2  location  in  the  experimental  result.  The  periodic  pattern  of  the 
velocity  variation  for  Probe  #2  in  the  CFD  predictions  was  slightly  different  compared  to 
experimental  result  with  a  much  larger  amplitude  change  of  the  velocity. 


Figure  7.4.  Comparison  of  the  velocity  (a)  Probe  #1  and  (b)  #2  blade  passage  locations  with  the 

experimental  f481  single  point  hot-film  velocity  measurements  at  Re  =  25,000,  Tu  =  3.4% 


Re 

Tu 

IJmm) 

ReD 

@sep 

fshed 

St 

(Eq.  5.1) 

St 

(Eq.  7.3) 

b  (m) 

Up 

CFD 

25,000 

0.5% 

50 

794 

103.5° 

296Hz 

1 .65x1 0"3 

0.23 

0.0684 

0.476 

25,000 

3.4% 

40 

794 

103.5° 

298Hz 

1.65x1  O'3 

0.23 

0.0637 

0.477 

Exp. 

25,000 

0.5% 

- 

761 

- 

- 

- 

- 

0.0861 

0.214 

Table  7.1.  Summary  of  the  separation  location,  Strouhal  number,  and  wake  properties  for  the  wake  generator 
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7.2  CFD  Predictions  for  the  Aft-Loaded  L1A  Blade 

The  effect  of  the  traversing  upstream  wakes  was  investigated  on  the  flowfield  of  the  Aft- 
Loaded  LI  A  blade.  The  traversing  wakes  had  a  significant  effect  on  the  blade  loading,  behavior 
of  the  boundary  layer,  unsteady  vortex  shedding,  and  total  pressure  loss  coefficient.  These 
properties  of  the  flowfield  were  explored  at  low  and  high  turbulent  intensities  and  compared  to 
the  baseline  simulations  of  the  Aft-Loaded  LI  A  blade.  Comparisons  were  also  made  with  PIV 
images  of  the  unsteady  flowfield  and  total  pressure  loss  coefficient  measurements  taken  by 
Nesslereta/.  [37]. 

7.2.1  Unsteady  Features  of  the  Flowfield 

The  unsteady  features  of  the  flowfield  were  investigated  to  understand  the  behavior  of  the 
upstream  wake  on  the  separation  and  vortex  shedding.  The  upstream  wake  traversing  event  was 
divided  into  six  phases  with  the  first  phase  beginning  with  the  rod  positioned  directly  in  front  of 
the  blade  leading  edge  and  in  line  with  the  inlet  flow  direction.  A  diagram  of  the  six  different 
phases  is  shown  in  Figure  7.5.  Also,  the  time  location  was  determined  for  each  phase  with 
respect  to  the  freestream  velocity  Probe  #2  as  shown  in  Figure  7.6  for  both  the  CFD  and 
experimental  results.  Each  phase  in  the  CFD  was  positioned  at  different  locations  with  respect  to 
the  experimental  results  for  the  Probe  #2  time  signal  because  the  CFD  predictions  had  a  larger 
wake  deficit  thus  producing  a  time-signal  of  the  velocity.  The  time  location  of  Phase  #1  was 
verified  by  making  sure  the  location  of  the  wake  generator  was  in  the  correct  relative  position  to 
the  blade. 
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Figure  7.5.  Diagram  of  the  different  wake  generator  locations  for  each  of  the  six  phases  1371 
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Figure  7.6.  (a)  CFD  and  (b)  experimental  time  location  for  each  phase  with  respect  to  the  Probe  #2  time  signal  of 

the  freestream  velocity  f481 


Instantaneous  contour  plots  of  z-vorticity  were  used  to  visualize  the  features  of  the 
flowfield  for  each  of  the  six  phases.  The  flowfield  was  periodically  repeated  for  three  pitch 
lengths  to  aid  the  visualization  of  the  traversing  wake  generator  and  the  vortex  shedding  in  the 
wake  region  of  the  downstream  blade.  The  z-vorticity  contours  for  each  phase  for  the  Re  = 
25,000,  Tu  =  0.5%,  lm  =  50mm  and  the  Re  =  25,000,  Tu  =  3.4%,  lm  =  40mm  cases  is  shown  in 

Figure  7.7  and  7.8,  respectively.  Both  simulations  showed  identical  unsteady  behavior  of  the 
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traversing  wake  and  the  vortex  shedding  caused  by  the  blade  surface  separated  shear  layers. 
Phase  #1  and  #2  (Fig  7.7(a)-(b)  and  Fig  7.8(a)-(b))  shows  the  traversing  wake  affecting  the 
boundary  layer  separation  of  the  pressure  side  of  the  blade.  The  vortex  created  on  the  pressure 
side  was  clockwise  in  direction  as  indicated  by  positive  z-vorticity.  The  freestream  pressure 
field  in  the  blade  passage  caused  the  traversing  wake  to  form  into  the  V-shape  as  shown  in 
Figure  7.7(c)-(e)  and  Figure  7.8(c)-(e)  for  Phases  #3-#5.  The  wake  began  to  reach  the  aft  portion 
of  the  blade  and  affected  the  vortices  created  by  the  separated  shear  layer  in  Phase  #6  and  #1. 

Figure  7.9  presented  a  magnified  view  of  the  vortices  produced  by  suction  surface 
separated  shear  layer  for  the  Re  =  31,000,  Tu  =  0.5%  baseline  case  compared  to  the  Re  =  25,000, 
Tu  =  0.5%  with  the  addition  of  wakes.  The  baseline  case  was  divided  into  six  phases 
corresponding  to  the  same  time  interval  as  the  Re  =  25,000  case  with  the  wakes.  The  vortices 
were  significantly  smaller  compared  to  the  baseline  case  for  all  six  phases  (Phase  #1,  #3,  &  #6 
only  shown  in  Fig.  7.9).  The  traversing  wake  caused  an  increased  amount  of  turbulence  present 
in  the  freestream  and  reduced  the  separation  region  compared  to  the  baseline  case.  The  separated 
shear  layers  produced  clockwise  vortices  that  were  lifted  off  the  blade  surface  by  the  traversing 
wake.  The  separated  shear  layer  from  the  trailing  edge  produced  a  similar  counter-clockwise 
vortex  as  in  the  baseline  case. 

The  time  signal  and  the  FFT  of  the  drag  coefficient  were  calculated  for  the  Aft-Loaded 
LI  A  blade  with  upstream  wake  generators  for  both  low  and  high  turbulence  intensity  cases. 
Within  the  frequency  resolution,  4Hz  based  Eq.  (5.1)  for  both  low  and  high  inlet  turbulence 
intensity  cases,  the  dominant  and  harmonic  frequencies  were  similar.  The  suction  side  separated 
shear  layer  vortex  was  being  shed  at  a  frequency  of  75Hz  as  shown  in  Figure  7.10.  Also,  evident 
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is  the  pressure  side  separation  region  was  shedding  at  a  frequency  of  27Hz.  The  trailing  edge 
counterclockwise  vortex  was  shedding  in  the  wake  region  at  36Hz  as  shown  in  Fig.  7.9(b). 
Table  7.2  shows  the  separation  location,  shedding  frequencies,  and  corresponding  Strouhal 
number  calculated  from  Eq.  (4.1). 
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Figure  7.7.  Instantaneous  z-vorticity  contour  plots  for  each  of  the  six  phases  at  Re  =25,000,  Tu  =  0.5%, 

lm  =  50mm 
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Figure  7.8.  Instantaneous  z-vorticity  contour  plots  for  each  of  the  six  phases  at  Re  =25,000,  Tu  =  3.4%,  L  =  40mm 
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Figure  7.9.  Comparisons  of  the  instantaneous  z-vorticity  contours  of  the  separation  region  at  Phase  #1, 

#3,  and  #6  for  baseline  Re  -  3  LOOP  and  Re  =  25,000  with  wakes,  at  Tu  =  0.5%,  L  =  50mm 
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Figure  7.10.  Time  signal  and  FFT  calculation  of  the  drag  coefficient  for  the  Aft-Loaded  LI  A  blade  airfoil  with 

upstream  wake  generators  at  Re  =  25,000  (a)  Tu  =  0.5%,  L  =  50mm  and  (b)  Tu  =  3.4%,  L  =  40mm 


Pressure  Side 
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50 

0.5% 

0.690 

25Hz 

1.92x1  O'3 

31,000,  Baseline 

50 
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0.633 
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40 

3.4% 
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27Hz 

1.83x1  O'3 
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St 
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1 .00x1 0  3 

- 

~ 

40Hz 

3.07x1  O'3 

31,000, 

Baseline 

51  Hz 

2.46x1  O'3 

18Hz 

8.69x1  O'4 

32Hz 
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5.1 5x1  O'3 
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8.81  xIO"4 

- 

- 

36Hz 
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Table  7.2.  Summary  of  the  separation  location  and  Strouhal  number  for  the  Aft-Loaded  LI  A  blade 

airfoil  with  upstream  wake  generators 


7.2.2  Comparison  of  Phase  Velocity  Contours  with  Experimental  PIV  Results 

Experimental  PIV  images  were  taken  by  Nessler  et  al.  [37]  of  the  blade  passage  for  each 
of  the  six  phases.  Velocity  magnitude  contours  were  made  based  on  the  PIV  images  for  the 
comparisons  with  CFD  prediction  at  the  high  inlet  turbulence  intensity  cases  as  shown  in  Figure 

7.11  -  7.13.  Figure  7.11(a)  shows  for  Phase  #1  the  flow  was  attached  with  a  separation  region 
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present  in  the  aft  portion  of  the  blade  downstream  of  90%  axial  chord  location  for  both  the  CFD 
and  experimental  result.  Also,  the  negative  z-vorticity  region  shown  in  Figure  7.8(a) 
corresponded  to  the  same  region  of  high  velocity  whereas  the  positive  z-vorticity  regions 
corresponded  to  the  low  velocity  regions  and  was  found  for  all  six  phases.  There  was  a  larger 
high  velocity  region  in  the  CFD  prediction  compared  to  the  experimental  result  due  to  a  much 
larger  velocity  deficit  in  the  CFD  predictions.  In  Phase  #2  (Fig.  7.11(b)),  the  separation  region 
moved  more  downstream  near  the  blade  trailing  edge  with  attached  flow  across  the  visible  length 
of  the  suction  surface  in  the  PIV  results.  The  high  velocity  region  returned  along  the  blade 
surface  with  the  location  of  the  wake  moving  out  of  the  view  for  the  PIV  and  CFD  results  in 
Phase  #3  as  shown  in  Fig.  7.12(a).  Similarly  in  Phase  #2  and  #3,  the  CFD  prediction  had  a  larger 
region  high  velocity  region  compared  to  experimental  PIV  result.  The  high  velocity  region 
moved  more  downstream,  indicating  that  a  new  wake  was  entering  the  blade  passage  in  Phase  #4 
(Fig  7.12(b)).  For  Phase  #5  and  #6,  in  Figure  7.13,  the  high  velocity  region  continued  to  move 
downstream  with  a  localized  separation  region  approximately  at  the  89%  axial  chord  region  in 
Phase  #5  and  moving  near  the  trailing  edge  in  Phase  #6.  The  high  velocity  region  was  in  the 
CFD  prediction  similar  in  size  as  the  PIV  result  for  Phases  #4  -  #6  because  the  upstream  wake 
was  not  present  on  the  aft  portion  of  the  blade  for  these  phases. 
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Figure  7.1 1.  Comparison  of  the  velocity  magnitude  contour  plots  in  the  blade  passage  for  the  CFD 

and  experimental  1371  PIV  results  at  Re  =  25,000,  Tu  =  3.4%,  L  =  40mm  for  Phase  #1  &  #2 


Figure  7.12.  Comparison  of  the  velocity  magnitude  contour  plots  in  the  blade  passage  for  the  CFD 

and  experimental  1371  PIV  results  at  Re  =  25,000,  Tu  =  3.4%,  L  =  40mm  for  Phase  #3  &  #4 
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Figure  7.13.  Comparison  of  the  velocity  magnitude  contour  plots  in  the  blade  passage  for  the  CFD 

and  experimental  T371  PIV  results  at  Re  =  25.000.  Tu  =  3.4%,  L  -  40mm  for  Phase  #5  &  #6 


Instantaneous  boundary  layer  profiles  of  the  axial  velocity  were  obtained  at  six  axial 
chord  locations  for  Phase  #1,  #3,  and  #6  for  CFD  and  experimental  results  for  the  Re  =  25,000, 
Tu  =  3.4%,  lm  =  40mm  case  as  shown  in  Figure  7.14  -  7.16.  For  the  experimental  results,  the 
boundary  layer  profiles  were  extracted  from  PIV  measurement  of  the  flowfield  for  each  phase. 
Phase  #1  in  Figure  7.14(a)  showed  the  good  agreement  with  the  experimental  results  in  the 
thickness  of  the  boundary  layer  to  the  70.0%  axial  chord  location.  Downstream  of  that  location, 
the  CFD  result  over-predicted  the  thickness  of  the  boundary  to  the  85.0%  axial  chord  location 
(Fig.  7.14(b)).  This  difference  could  be  attributed  to  over-prediction  of  the  size  of  the  unsteady 
vortices  produced  from  the  suction  surface  separated  shear  layer.  Also,  the  averaging  of  the 
instantaneous  velocity  field  completed  by  the  post-processing  of  the  PIV  images  could  have 
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reduced  the  boundary  layer  thickness  in  experimental  results.  Similar  over-prediction  of  the 
boundary  layer  thickness  in  CFD  prediction  was  observed  in  Phase  #3  (Fig.  7.15(b))  starting  at 
the  74.1%  axial  chord  location.  A  significant  amount  of  reversed  flow  was  present  in  the  CFD 
prediction  starting  at  the  70.0%  axial  chord  location  for  Phase  #3  whereas,  Phase  #1  had  the 
reversed  flow  beginning  more  downstream  of  that  location.  This  indicated  that  the  separation 
location  moved  more  downstream  in  Phase  #3  as  compared  to  Phase  #1.  Figure  7.16  shows  in 
Phase  #6  that  the  boundary  layer  profiles  showed  a  unique  shape  starting  at  the  79.4%  axial 
chord  location.  This  was  due  to  the  unsteady  vortices  lifting  off  the  blade  surface  into  the 
freestream  and  the  boundary  layer  below  reattaching  to  the  blade  surface.  The  amount  of 
reversed  flow  present  in  the  boundary  layer  has  significantly  reduced  compared  to  Phase  #1  and 
Phase  #3. 


Figure  7.14.  Comparison  of  the  instantaneous  boundary  layer  profiles  of  axial  velocity  the  Aft-Loaded  LI  A 
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Figure  7.15.  Comparison  of  the  instantaneous  boundary  layer  profiles  of  axial  velocity  the  Aft-Loaded  LI  A 

blade  with  upstream  wake  generators  to  the  experimental  PIV  results  for  Phase  #3  at  Tu  =  3.4%,  L  =  40mm 
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Figure  7.16.  Comparison  of  the  instantaneous  boundary  layer  profiles  of  axial  velocity  the  Aft-Loaded  LI  A 

blade  with  upstream  wake  generators  to  the  experimental  PIV  results  for  Phase  #6  at  Tu  =  3.4%,  L  =  40mm 

7.2.3  Mean  Flow  Comparisons  of  the  Surface  Static  Pressure  and  Boundary  Layer  Profiles 

In  Figure  7.17,  the  mean  static  pressure  coefficient  distributions  of  the  Aft-Loaded  LI  A 
blade  airfoil  were  compared  to  baseline  CFD  cases  at  low  and  high  inlet  turbulent  intensities. 
Figure  7.17(a)  shows  that  the  addition  of  the  upstream  wake  caused  an  increase  in  the  pressure 
peak  compared  to  the  baseline  case,  which  resulted  a  higher  blade  loading  for  the  Tu  =  0.5% 
case.  The  separation  point  was  located  more  downstream  at  the  69.9%  axial  chord  location  with 
the  addition  of  the  upstream  wake,  compared  to  the  baseline  separation  point  at  64.4%  axial 
chord.  The  region  of  constant  pressure  downstream  of  the  separation  point  due  to  the  separation 
region  was  smaller  in  the  passing  wake  case  compared  to  the  baseline  case,  which  indicated  a 
smaller  separation  region.  The  local  peak  pressure  coefficient  at  78%  axial  chord  location  was 

due  to  the  motion  of  the  vortices  as  they  lifted  off  the  blade  surface  and  traveled  downstream  to 
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the  wake  region  and  this  peak  was  smaller  and  located  more  upstream  compared  to  the  baseline 
case.  This  was  due  to  the  reduction  in  size  of  the  vortices  created  by  the  separated  shear  with  the 
addition  of  the  upstream  wake.  Downstream  of  this  local  pressure  peak,  the  static  pressure 
distribution  indicated  a  reattached  boundary  layer  for  both  the  baseline  and  the  passing  wake 
cases.  The  blade  surface  static  pressure  distribution  for  the  high  inlet  turbulence  intensity  case  in 
Figure  7.17(b)  was  similar  to  the  low  inlet  turbulence  intensity  case,  with  similar  trends,  when 
compared  with  the  baseline  case.  This  reason  for  this  trend  is  shown  in  Figure  7.18  in  the 
turbulence  intensity  contours  for  Phase  #1,  #3,  and  #6  at  both  inlet  turbulence  intensity  cases. 
The  turbulence  produced  by  the  upstream  wake  increased  to  the  freestream  turbulence  to  a 
similar  level  for  both  cases  and  therefore  the  change  in  inlet  turbulence  intensity  had  no  effect 
prediction  of  the  flowfield  with  the  addition  of  upstream  wakes.  Yet,  the  baseline  case  showed  at 
higher  inlet  turbulence  intensity  a  reduction  of  the  separation  region.  The  addition  of  the 
upstream  wake  caused  an  increase  in  the  blade  loading  and  a  decrease  in  the  separated  flow 
present  on  the  blade  suction  surface  for  both  the  low  and  high  inlet  turbulence  intensity  cases. 


Figure  7.17.  Comparison  of  surface  static  pressure  coefficient  of  the  Aft-Loaded  LI  A  blade  with  upstream  wake 

generators  to  the  baseline  CFD  simulation  at  Re  =  25.000  (b)  Tu  =  0.5%  and  (b)  Tu  =  3.4% 
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Figure  7.18.  Comparisons  of  the  instantaneous  turbulence  intensity  at  Phase  #1,  #3,  and  #6  for  Re  =  25,000 

with  wakes,  at  Tu  =  0,5%,  L  =  50mm  and  Tu  =  3.4%,  L  =  40mm 
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Time-averaged  values  of  the  boundary  layer  velocity  profiles  were  obtained  at  ten  axial 
chord  locations  normal  to  the  blade  surface  for  both  the  upstream  passing  wake  cases,  at  both 
low  and  high  inlet  turbulence  intensity.  The  axial  velocity  was  plotted  in  order  to  compare  the 
amount  of  reversed  flow  present  in  the  separation  region.  The  result  is  shown  in  Figures  7.19  and 
7.20.  The  separation  point  for  the  Tu  =  0.5%,  lm  =  50mm  case  (Fig  7.17(a))  was  predicted  to 
occur  at  the  69.0%  axial  chord  location,  which  was  more  downstream  than  the  baseline  case 
separation  point  at  the  64.4%  axial  chord  location.  The  boundary  layer  profiles  confirmed  the 
trends  observed  in  the  surface  static  pressure  coefficient  comparisons.  There  was  significantly 
less  separated  flow  present  with  the  addition  of  the  passing  upstream  wake  compared  to  the 
baseline  case.  Figure  7.19(b)  shows  the  mean  flow  boundary  layer  reattached  to  the  blade 
surface  slightly  downstream  of  the  89%  axial  chord  location  while  the  baseline  case  remained 
separated  to  the  blade  trailing  edge.  For  the  high  turbulence  intensity  case,  the  separation  point 
was  located  at  the  63.3%  and  67.3%  axial  chord  position  for  the  baseline  case  and  with  upstream 
passing  wakes,  respectively.  For  both  the  low  and  high  turbulent  intensities,  the  addition  of  the 
passing  wake  caused  a  significantly  smaller  separation  region  as  compared  to  the  baseline  case  as 
shown  in  Figure  7.20(a)-(b)  for  the  high  inlet  turbulence  intensity  case. 
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Figure  7.19.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  the  Aft-Loaded  LI  A  blade 


with  upstream  wake  generators  to  the  baseline  CFD  simulation  at  Re  =  25,000,  Tu  =  0.5% 


Figure  7.20.  Comparison  of  the  mean  boundary  layer  profiles  of  axial  velocity  the  Aft-Loaded  LI  A  blade 


with  upstream  wake  generators  to  the  baseline  CFD  simulation  at  Re  =  25,000,  Tu  =  3.4% 
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7.2.4  Total  Pressure  Loss  Coefficient  Predictions 


The  wake  total  pressure  loss  coefficient  distribution  and  the  integrated  value  are  shown  in 
Figure  7.21  and  Table  6.3,  respectively.  For  Tu  =  0.5%  case,  the  addition  of  upstream  wake 
caused  a  17%  and  36%  decrease  in  the  peak  and  integrated  loss  coefficient,  respectively.  The 
increased  amount  of  turbulence  produced  from  the  wake  re-energized  the  boundary  layer  and 
delayed  the  separation  event.  The  low  turbulence  intensity  case  showed  good  agreement,  98%, 
with  the  experimental  loss  coefficient  measurement  and  87%  agreement  in  the  integrated  loss 
coefficient.  For  the  Tu  =  3.4%  case,  the  addition  of  the  upstream  wake  caused  a  3%  increase  in 
the  peak  loss  coefficient  and  15%  decrease  in  the  integrated  loss  coefficient,  respectively.  Good 
agreement  with  the  experimental  loss  coefficient  measurements  was  achieved,  with  95% 
agreement  in  the  peak  loss  coefficient  and  98%  agreement  in  the  integrated  value  for  the  high 
turbulence  intensity  case.  The  peak  loss  coefficients  in  the  baseline  cases  were  significantly 
under-predicted  compared  to  the  experimental  results  as  presented  in  Section  6.1.4  and  6.2.4. 
Better  comparisons  were  made  with  the  integrated  wake  loss  coefficients,  with  87%  and  98% 
agreement  with  experimental  results  for  the  low  and  high  turbulence  intensity  baseline  cases, 
respectively. 
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Figure  7.21.  Comparison  of  total  pressure  loss  coefficient  with  experimental  135,371  for  the  baseline  and  addition 

of  wakes  (a)  Tu  =  0.5%  and  (b)  Tu  =  3.4%  at  Re  =  25,000for  the  Aft-Loaded  LI  A  blade  airfoil 


Re 

Tu 

lm( mm) 

Integrated  Loss  Coefficient 

Maximum  Loss  Coefficient 

CFD 

Experimental 

CFD 

Experimental 

25,000, 
Passing  Wake 

0.5% 

50 

0.3639 

0.4187 

0.7793 

0.7912 

31,000, 

Baseline 

0.5% 

50 

0.5772 

0.5526 

0.9391 

1 .6549 

25,000, 
Passing  Wake 

3.4% 

40 

0.3736 

0.3804 

0.7344 

0.7013 

25,000, 

Baseline 

3.4% 

40 

0.4383 

0.3893 

0.7119 

1 .0774 

Table  7.3.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the  experimental 

135,371  results  for  the  Aft-Loaded  LI  A  blade  with  and  without  upstream  wake  generators 


7.3  Summary  of  Results 

The  flowfield  of  the  Aft-Loaded  L1A  blade  airfoil  subjected  to  traversing  upstream 
wakes  was  simulated  using  the  k-ku-co  model  at  an  inlet  Reynolds  number  of  25,000.  The 
upstream  wakes  were  generated  by  a  circular  cylinder  traversing  in  the  pitchwise  direction.  This 
setup  was  used  to  simulate  the  periodic  flowfield  associated  with  rotor/vane  flow  interactions 
encountered  in  a  multistage  LPT  geometry,  where  wakes  shed  from  an  upstream  vane  propagate 
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and  impinge  on  a  downstream  rotor.  CFD  simulations  were  completed  at  low  and  high  inlet 
turbulent  intensities  and  compared  to  experimental  cascade  measurements  taken  by  Nessler  et  al. 
[37,48],  and  the  baseline  CFD  results. 

The  flowfield  of  the  upstream  wake  generator  was  investigated  in  order  to  characterize 
the  wake  produced  by  the  circular  cylinder  impinging  upon  the  downstream  Aft-Loaded  LI  A 
blade  airfoil.  The  boundary  layer  on  the  wake  generator  surface  was  predicted  as  laminar  at  both 
the  low  and  high  inlet  turbulent  boundary  conditions.  The  wake  generator  produced  a  von 
Karman  vortex  street  in  the  wake  region  that  dissipated  as  the  wake  reached  blade  flow  passage. 
Comparisons  were  made  with  experimental  results  of  single  point  velocity  measurements  placed 
in  the  blade  passage.  The  wake  produced  in  the  CFD  results  had  a  higher  velocity  deficit  as 
compared  to  the  experimental  results.  The  difference  could  be  attributed  to  the  surface  of  the 
experimental  wake  generator  not  being  perfectly  circular  and  smooth.  This  could  have  caused 
the  boundary  to  become  turbulent,  reducing  the  wake  peak  velocity  deficit  in  the  experimental 
results.  Future  work  will  consist  of  completing  simulations  with  the  wake  generator  ran  as  a 
turbulent  boundary  layer  in  order  achieved  better  agreement  with  the  experimental  wake  deficit 
measurements. 

Investigations  of  the  flowfield  of  the  Aft-Loaded  LI  A  blade  showed  the  traversing  wakes 
had  a  significant  effect  on  the  blade  loading,  behavior  of  the  boundary  layer,  unsteady  vortex 
shedding,  and  total  pressure  loss  coefficient.  The  addition  of  the  wakes  increased  the  blade 
loading  and  caused  the  separation  location  to  be  moved  further  downstream.  The  traversing 
wake  could  be  thought  of  as  negative  jet  flowing  toward  the  origin  of  the  wake  superimposed  on 
a  uniform  freestream  [50].  This  negative  jet  causes  the  fluid  in  an  individual  wake  segments  to 
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convect  toward,  and  impinge  on  the  suction  surface.  Thus,  downstream  of  wake  center  the 
negative  jet  accelerated  the  flow,  while  upstream  of  the  wake  center,  the  negative  jet  decelerated 
the  flow  [51].  The  suction  surface  shear  layer  produced  unsteady  vortices  that  were  significantly 
smaller  than  the  baseline  CFD  results  and  caused  the  separation  region  in  the  mean  flow  to 
reduce.  Similar  predictions  of  the  flowfield  were  made  at  both  the  low  and  high  inlet  turbulence 
intensity.  Also,  the  CFD  result  showed  similar  unsteady  behavior  as  the  experimental  results. 
Good  agreement  was  achieved  in  the  prediction  of  the  both  the  peak  and  integrated  loss 
coefficient  with  over  85%  agreement  with  the  experimental  measurements.  The  Walters  and 
Leylek  [2]  k-ki-co  transitional  flow  model  successfully  demonstrated  the  ability  to  predict  the 
separated  flowfield  of  Aft-Loaded  LI  A  blade  subjected  to  an  unsteady  traversing  wake.  This 
shows  that  the  k-kL-co  flow  model  can  provide  the  same  prediction  capability  for  the  more 
complicated  unsteady  flowfields  found  in  a  multistage  LPT  blade  geometry. 
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CHAPTER  EIGHT 


8.  Summary  and  Conclusions 

The  flowfields  found  in  low  pressure  turbine  stages  are  known  to  be  affected  by 
separation  and  transitional  flow  effects  associated  with  operational  situations  and  design  factors. 
Separation  and  transitional  flow  can  occur  when  LPT  blades  are  subjugated  to  low  Reynolds 
number  flow  effects  due  to  the  change  in  density  associated  with  high  altitude  operation.  Also, 
there  is  design  pressure  to  increase  the  blade  airfoil  loading  level  in  order  to  reduce  weight  and 
cost  of  the  turbomachinery.  Both  factors  lead  to  an  increased  probability  of  separated  and 
transitional  flow  in  turbine  blade  passages.  High  altitude  operation  and  high  stage  work  are 
known  to  affect  the  aerodynamic  performance  of  the  low  pressure  turbine  stages.  Laminar  and 
transitional  flow  boundary  layers  may  develop  on  the  blade  surface  as  result  of  both  these 
situations.  The  increase  in  the  region  of  adverse  pressure  gradients  on  the  aft  portion  of  the  blade 
may  cause  the  laminar  flow  boundary  layer  to  separate  from  the  surface.  Also,  the  region  of  the 
boundary  layer  that  undergoes  laminar-to-turbulent  boundary  layer  transition  may  increase. 
There  is  a  need  for  CFD  to  provide  improved  prediction  of  separated  and  transitional  flow  for 
turbomachinary  designs,  especially  for  turbines  operating  at  high  altitude.  The  best  CFD  method 
must  provide  a  balance  between  increased  fidelity  for  accurate  modeling  of  the  complicated  flow 
physics  associated  with  low  Reynolds  number  effects,  and  be  applicable  to  complex  geometries 
without  being  too  computationally  expensive. 

The  current  study  sought  to  use  a  selected  CFD  method  to  predict  both  laminar  separation 
and  transitional  flow  effects  in  low  pressure  turbine  blades  at  low  inlet  Reynolds  numbers,  and  to 

report  the  accuracy  that  was  achieved.  This  CFD  method  was  to  be  based  on  a  RANS  turbulence 
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model  that  was  developed  to  predict  aerodynamic  flow  effects  at  low  Reynolds  numbers.  Use  of 
the  RANS  CFD  method  was  established  as  a  requirement  for  this  study  because  of  its  curren 
wide  adoption  and  computational  efficiency  with  respect  to  LES  and  DNS  CFD  methods.  This 
study  also  sought  to  find  the  best  RANS  turbulence  model  already  implemented  into  existing 
CFD  software,  in  other  words,  to  establish  the  state  of  the  art  for  practical  CFD  predictions  of 
low  Reynolds  number  turbine  flows.  Ansys®  Fluent  was  chosen  as  the  CFD  software  and  wide 
adoption  in  the  CFD  community.  Turbulence  models  available  in  Fluent  were  investigated  to 
determine  if  they  could  provide  the  flow  prediction  capability  to  complete  the  goals  of  this  study. 
The  k-ki_-(D  model  developed  by  Walters  and  Leylek  [2]  to  model  the  laminar-to-turbulent 
boundary  layer  transition  process  was  chosen  as  the  turbulence  model  to  complete  this  study. 

Fluent  CFD  with  the  Walters  and  Leylek  [2]  k-kL-co  model  was  applied  to  flow 
predictions  for  three  types  of  LPT  blade  airfoils  for  which  cascade  tests  had  been  made  in  the 
AFRL  Low  Speed  Wind  Tunnel.  The  LPT  blade  airfoils  were  classified  based  on  the  blade 
loading  characteristics  defined  using  the  Zweifel  blade  force  coefficient,  Z.  Experimental  flow 
measurements  of  the  surface  static  pressure,  boundary  layer  flow  velocities  using  Particle  Image 
Velocimetry,  and  wake  losses  were  made  in  the  cascade  test  over  a  wide  range  of  Reynolds 
number  and  freestream  conditions.  The  CFD  models  simulated  the  same  flow  conditions,  and 
the  predictions  were  compared  to  the  corresponding  experimental  measurements  for  each  LPT 
blade  airfoil.  Also,  additional  comparisons  were  made  with  predictions  available  from  other 
CFD  studies. 

The  Lightly  Loaded  LPT  blade  airfoil  with  Z  =  0.94  representing  a  mid-loaded  blade 
design  was  used  initially  to  determine  the  best  choice  of  RANS  turbulence  model  to  complete  the 
objectives  of  this  study.  The  inlet  Reynolds  number  range  of  10,000  -  100,000  was  simulated 
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using  the  Lightly  Loaded  blade  CFD  model.  Based  on  flowfield  comparisons  with  the  k-co(SST) 
and  k-s  models,  the  Walters  and  Leylek  [2]  k-kL-co  model  achieved  the  best  agreement  with 
experimental  results  for  the  prediction  of  the  amount  of  viscous  losses  produced  and  the 
magnitude  of  the  total  pressure  loss  in  the  wake  region.  Good  agreement  was  also  obtained  for 
the  effect  of  Reynolds  number  sensitivity  of  the  loss  coefficient  with  the  experimental  results. 
Also,  a  parametric  study  on  the  effect  of  the  inlet  turbulent  boundary  conditions  showed  the  inlet 
freestream  turbulence  intensity  had  a  strong  effect  on  the  turbulent  transition  point  and  total 
pressure  loss  coefficient.  A  study  on  the  effect  of  the  inlet  turbulent  length  scale  showed  a 
second  order  sensitivity  effect  to  the  turbulent  transition  location  and  the  peak  loss  coefficient. 
The  inlet  turbulent  length  scale  caused  a  10%  variation  in  the  integrated  loss  coefficient  due  to 
the  changes  in  the  wake  region.  The  boundary  layer  of  the  Lightly  Loaded  blade  airfoil  was 
mostly  attached  and  transitional,  and  showed  mild  separation  at  the  trailing  edge  at  Reynolds 
numbers  below  50,000  mainly  due  to  its  low  blade  loading  level.  The  k-kL-co  model  successfully 
demonstrated  that  it  could  predict  the  low  Reynolds  number  aerodynamic  effects  on  the  Lightly 
Loaded  blade,  and  yielded  confidence  that  it  could  provide  same  type  of  prediction  capability  for 
highly  loaded  LPT  geometries. 

The  Walters  and  Leylek  [2]  k-kL-co  model  was  applied  to  low  Reynolds  flow  prediction 

for  the  Highly  Loaded  blade  airfoil  (Z  =  1.07),  an  aft-loaded  LPT  blade  design.  Flowfield 

comparisons  with  experimental  cascade  data  [36,38-40]  showed  good  agreement  in  prediction  of 

the  separation  and  reattachment  at  inlet  Reynolds  numbers  of  100,000,  50,000,  and  25,000.  The 

k-kL-co  model  showed  a  better  qualitative  response  to  the  separated  shear  layers  yet,  the  two- 

dimensional  CFD  predictions  showed  an  over-prediction  on  the  size  of  the  separation  region.  So, 

a  three-dimensional  CFD  model  of  the  Highly  Loaded  blade  was  simulated  to  investigate  the 
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addition  of  the  span  wise  dimension  on  the  flowfield  predictions.  The  observed  unsteady  vortex 
shedding  was  largely  two-dimensional  with  small  spanwise  variations  in  the  separation  region 
and  produced  a  similar  prediction  of  the  flowfield  as  the  two-dimensional  predictions.  It  is  noted 
that  the  Walters  and  Leylek  [2]  k-kL-co  model  was  not  specifically  design  to  model  boundary 
layer  transition  in  separated  shear  layers  [30]  or  due  to  spanwise  instabilities  [2],  Yet,  overall,  it 
provided  effective  prediction  of  the  low  Reynolds  number  aerodynamic  effects  of  the  Highly 
Loaded  blade. 

The  most  challenging  LPT  blade  design  used  for  the  application  of  the  Walters  and 
Leylek  [2]  k-kL-co  model  was  the  Aft-Loaded  LIA  blade  airfoil.  This  geometry  with  a  Z  =  1.23, 
was  15%  more  loaded  and  had  a  much  stronger  adverse  pressure  gradient  present  on  the  aft 
portion  of  the  suction  surface  than  the  Highly  Loaded  blade  airfoil.  Simulations  were  completed 
at  individual  inlet  Reynolds  numbers  of  25,000  and  50,000  at  low  and  high  inlet  turbulent 
intensities.  At  low  inlet  turbulent  intensities,  good  agreement  was  achieved  with  experimental 
results  on  prediction  of  the  separation  locations  and  the  qualitative  flow  response  to  the  unsteady 
vortex  generation  from  the  separated  shear  layers.  Also,  over  80%  agreement  with  the 
experimental  [35]  results  was  achieved  in  the  prediction  of  the  amount  of  viscous  losses  present 
within  the  wake  region,  but  the  higher  dissipation  predicted  with  the  k-kL-co  model  caused  those 
losses  to  be  distributed  more  across  the  wake. 

At  high  inlet  turbulent  intensities,  the  loading  of  the  Aft- Loaded  LIA  blade  airfoil  was 
predicted  effectively  with  over  87%  agreement  with  the  experimental  results  [35]  for  the 
integrated  loss  coefficient  predictions.  Yet,  the  size  of  the  separation  region  was  under-predicted 
and  the  unsteady  effects  from  the  vortex  shedding  were  not  present  compared  to  the  experimental 

results.  The  absence  of  unsteady  vortex  shedding  could  be  attributed  the  Reynolds  averaging 
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effect  present  within  all  RANS  turbulence  models  where  any  unsteadiness  produced  from 
freestream  turbulence  will  be  significantly  damped.  Overall,  the  k-ku-CD  model  did  provide 
effective  prediction  of  the  aerodynamic  flow  effects  for  this  very  challenging  LPT  blade 
geometry,  but  some  inaccuracies  were  observed  at  high  inlet  turbulent  intensities.  Yet,  the  k-k/- 
co  model  showed  superior  flowfield  prediction  capability  compared  to  the  fully  turbulent  le¬ 
af  S  ST)  model,  similar  to  results  obtained  for  the  Lightly  Loaded  blade  airfoil  at  the  low  inlet 
turbulent  intensities. 

The  effect  of  a  periodically  passing  upstream  wake  on  the  separation  region  of  the  Aft- 
Loaded  LI  A  blade  airfoil  was  studied  using  the  k-kL-co  model.  A  CFD  model  of  the 
experimental  cascade  setup  of  Nessler  et  al.  [37,48]  was  made  to  simulate  the  flowfield.  The 
model  and  cascade  test  were  designed  to  generate  wake  similar  what  are  normally  encountered  in 
a  multistage  LPT  geometry,  where  the  wakes  shed  from  one  stage  travel  downstream  and 
impinge  on  the  successive  stage.  The  flowfield  of  the  wake  generator  was  characterized,  and  the 
laminar  boundary  layer  produced  a  von  Karman  vortex  street  in  the  wake  region.  Differences  in 
the  wake  deficit  were  observed  compared  with  the  experimental  results  due  the  cylindrical  wake 
generators  used  in  cascade  setup  not  being  hydraulically  smooth,  and  producing  a  turbulent 
boundary  layer.  Future  work  will  investigate  methods  of  tripping  the  boundary  around  the  wake 
generator  to  turbulent  in  order  to  achieve  closer  agreement  with  experimental  velocity  deficit 
measurements.  The  addition  of  the  wakes  increased  the  Aft-Loaded  LI  A  blade  loading  and 
caused  the  separation  location  to  be  moved  further  downstream  compared  to  the  baseline 
simulations.  The  separation  region  significantly  reduced  in  size  when  it  was  impinged  upon  by 
the  upstream  wakes.  The  influence  of  the  upstream  wake  caused  lower  total  pressure  loss  and 
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improved  the  aerodynamic  performance.  Overall  good  agreement  was  achieved  with  the 
experimental  PIV  and  loss  coefficient  measurements  taken  by  Nessler  et  al.  [37,48]. 

The  prediction  capability  of  Walters  and  Lekylek  [2]  k-kL-co  model  was  characterized  in 
the  prediction  of  separation  and  transitional  flow  in  LPT  blade  airfoils.  Greater  than  80% 
agreement  with  experimental  results  was  achieved  on  the  prediction  of  several  flowfield 
parameters.  The  k-kL-co  model  provided  good  agreement  for  attached  transitional  flows  in  the 
prediction  of  the  transition  location,  peak  and  integrated  loss  coefficient.  When  the  flow  was 
separated,  good  agreement  was  observed  in  the  prediction  of  the  separation  location  and  the 
integrated  loss  coefficient.  Also,  the  k-kL-co  model  qualitatively  predicted  unsteady  vortex 
shedding  at  low  turbulent  intensity  and  the  pressure  distribution  due  to  the  separated  shear  layers. 
Differences  were  observed  with  less  than  80%  agreement  in  the  prediction  of  separation  region 
and  the  peak  loss  coefficient.  Also,  the  spanwise  variation  of  the  separation  region,  the  unsteady 
vortex  shedding  at  high  turbulent  intensities  was  not  well  predicted  using  the  k-kL-co  model.  The 
k-kL-co  model  main  limitation  was  the  absence  of  the  unsteady  behavior  of  the  small-scale 
turbulent  structures.  The  prediction  capability  of  the  Walters  and  Leylek  [2]  k-kL-co  model  is 
summarized  in  Table  8.1. 

This  dissertation  has  presented  a  complete  evaluation  of  the  Walters  and  Leylek  [2]  k-kL- 
co  model  for  the  prediction  of  low  Reynolds  number  flows  in  low  pressure  turbine  blades.  The  k- 
kL-co  model  accuracy  was  judged  to  be  sufficient  for  understanding  the  separation  and  transition 
characteristics  in  the  cases  studied.  The  Walters  and  Leylek  [2]  k-kL-co  model  provided  a  more 
accurate  method  for  aerodynamic  loss  predictions  compared  to  conventional,  widely  used  RANS 
turbulence  models  at  low  inlet  Reynolds  numbers.  Successful  flowfield  predictions  were 
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achieved  with  data  from  several  low  Reynolds  number  turbine  flow  applications.  This  research 
has  contributed  a  characterized  and  assessed  model  for  improved  prediction  of  low  Reynolds 
number  turbine  flows  and  design  applications. 


Greater  than  80%  agreement 

Less  than  80%  agreement 

Attached 
Transitional  Flow 

Transition  Location 

Peak  Loss  Coefficient 

Integrated  Loss  Coefficient 

Separated  Flow 

Separation  Location 

Peak  Loss  Coefficient 

Integrated  Loss  Coefficient 

Separation  Region 

Pressure  Distribution 

Span  wise  Variation  of  the 
Separation  Region 

Unsteady  Vortex  Shedding  at 
Low  Tu 

Unsteady  Vortex  Shedding 
at  High  Tu 

Unsteady  Behavior  of  the 
Small-Scale  Turbulent 
Structures 

Table  8.1.  Summary  of  the  prediction  capability  achieved  using  Walters  and  Leylek  \2] 
k-kT_-  co  model  for  the  prediction  of  low  Reynolds  number  effects 


8.1  Future  Work 

Based  on  the  results  reported  in  this  study,  the  Walters  and  Leylek  [2]  k-ki-co  model  was 
applied  to  a  multistage  LPT  geometry  based  on  the  Lightly  Loaded  blade  airfoil  operating  a  low 
Reynolds  numbers  [52,53].  Steady  flow  simulations  using  the  mixing  plane  numerical  method 
were  completed  at  both  a  nominal  and  high  altitude  operating  conditions  corresponding  to  an 
order  of  magnitude  decrease  in  the  inlet  Reynolds  number.  This  model  provided  a  more  detailed 
understanding  of  the  aerodynamic  loss  mechanisms  present  in  a  multistage  LPT  operating  at  low 
Reynolds  number.  Experimental  results  are  needed  to  fully  validate  the  CFD  predictions  using 
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the  k-kL-co  model  technique  for  the  multistage  LPT  geometry.  Unsteady  CFD  simulations  are 
also  needed  to  compare  with  steady-state  predictions  using  the  mixing  plane  CFD  technique. 

Additional  CFD  work  could  include  applying  flow  control  techniques  such  as  vortex 
generating  jets  and  providing  computational  support  for  additional  experimental  work  completed 
by  Woods  et  al.  [39]  on  the  Highly  Loaded  blade  airfoil.  The  CFD  model  would  have  to  be 
three-dimensional  in  order  to  model  the  shape  of  the  vortex-generating  jet.  It  could  also  be  used 
to  simulate  steady  and  pulsed  jet  operation.  Additionally,  CFD  modeling  using  the  k-kL-co  model 
in  plasma-based  flow  control  could  also  be  completed  in  support  of  future  experiment  that  will 
be  completed  by  Chris  Marks  at  the  AFRL  LSWT.  Since  the  electric  field  equations  cannot  be 
implemented  into  the  Fluent  CFD  software,  the  effect  of  the  plasma  flow  control  can  be  modeled 
as  an  applied  body  force  to  the  blade  surface  similar  to  Thompson  [54]  and  could  be  used  in  both 
two  and  three-dimensional  CFD  models. 

The  Aft-Loaded  LI  A  blade  was  the  most  challenging  LPT  blade  airfoil  geometry  to 
predict  low  Reynolds  number  aerodynamic  effects.  Simulations  could  be  completed  using  the 
more  advanced  LES  CFD  method  to  determine  if  it  could  provide  better  prediction  capability 
compared  to  Walters  and  Leylek  [2]  k-kL-co  model.  This  would  be  first  time  the  LES  CFD 
method  would  be  applied  to  the  Aft- Loaded  LI  A  blade,  and  would  give  a  unique  contribution  to 
low  Reynolds  number  turbine  prediction  work. 

Further  improvements  of  the  Walters  and  Leylek  k-kL-co  model  can  be  explored  in  order 

enhance  the  prediction  capability  for  transitional  boundary  layer  flows.  For  instance,  the  k-kL-co 

model  could  be  modified  to  account  for  transitional  flow  due  to  spanwise  instabilities  in  three- 

dimensional  CFD  models.  The  laminar-to-turbulent  transitional  flow  process  is  highly  three- 

dimensional,  and  spanwise  instabilities  are  known  to  cause  initially  laminar  and  coherent 
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vortices  to  breakdown  into  fine-scale  turbulent  structures  [47].  Also,  the  k-kL-co  model  could  be 
modified  to  account  for  transition  due  to  separated  flow  by  including  correlations  to  model  this 
effect  such  as  those  included  in  the  Menter  et  al.  [26]  y-Re&  model  and  the  Praisner  and  Clark 
[24]  models.  The  flowfields  in  both  the  Highly  Loaded  and  Aft-Loaded  LI  A  blade  airfoils  were 
dominated  by  separated  flow  and  closer  agreement  with  the  experiments  could  likely  be  achieved 
if  this  modification  were  implemented  in  the  k-ki-a>  model. 
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APPENDIX  ONE 


Appendix  I.  Comparisons  of  the  Fluent  Formulations  of  Walters 
and  Leylek’s  Transitional  Flow  Model 

As  previous  discussed  in  Section  4.3.1,  an  updated  version  of  the  k-kL-co  model  has  been 
fully  integrated  in  the  newest  software  release  as  Ansys®  Fluent  12.0.  All  of  the  Aft-Loaded 
L1A  blade  simulations  were  completed  with  the  Fluent  12.0  k-kL-co  model  because  Fluent  6.3 
version  was  not  implemented  as  to  be  used  in  combination  with  the  sliding  mesh  model.  This 
model  was  needed  for  the  Aft-Loaded  LI  A  blade  with  upstream  wake  generators  simulation. 
The  Lightly  Loaded  and  the  Highly  Loaded  blade  airfoil  were  completed  using  the  Fluent  6.3  k- 
kL-co  model  because  it  was  the  only  version  of  the  model  that  was  available  at  the  time  of  those 
simulations. 

It  was  discovered  through  private  conversations  with  Prof.  Walters  that  the  main 
difference  between  the  two  versions  of  the  k-kL-co  model  was  a  tuning  of  the  model  constants  and 
reformulations  of  some  of  the  secondary  equations.  The  model  was  reformulated  because  the 
Fluent  12.0  k-kL-co  model  consistently  performed  better  for  several  of  his  CFD  test  cases.  So, 
flowfield  comparisons  of  the  Aft-Loaded  LI  A  blade  were  made  using  the  different  versions  of 
the  Walters  and  Leylek  [2]  k-kL-co  model  in  order  to  understand  the  differences  in  the  prediction 
flow  transition  and  separation  at  low  Reynolds  numbers.  Two-dimensional  simulations  were 
completed  at  Re  =  50,000  at  high  and  low  inlet  turbulent  intensities  and  compared  to 
experimental  results  of  Marks  et  al.  [35]  and  Clark  et  al.  [25]  CFD  results. 
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A.l  Fluent  Formulations  of  the  k-kL-  co  Model 


This  section  describes  the  two  formulations  of  the  k-kL-co  model  inherent  in  the  Fluent 
CFD  software.  Walters  and  Leylek  [2]  k-kL-co  model  was  first  implemented  as  a  beta  addition  to 
the  Fluent  6.3  CFD  software.  It  was  learned  that  the  k-kL-co  model  was  not  programmed  to 
function  in  conjunction  with  the  sliding  mesh  or  mixing  plane  numerical  methods.  The  k-kL-co 
model  was  fully  integrated  in  the  Fluent  12.0  release  of  the  CFD  software.  The  sliding  mesh 
numerical  method  was  needed  for  Aft-Loaded  LI  A  blade  simulations  using  the  passing  wake 
generators  so  the  Fluent  12.0  formulation  was  used  for  Aft-Loaded  LI  A  blade  airfoil 
simulations.  The  next  section  presents  the  transport  equations  for  each  of  the  k-kL-co  model 
formulations. 


A.l.l  Fluent  6.3  k-kL- co  Model 

The  transport  equations  for  the  Fluent  6.3  model  for  the  turbulent  kinetic  energy  ( kT ■), 
laminar  kinetic  energy  ( kL ),  and  the  specific  dissipation  rate  (  co)  which  were  given  as 
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A  detailed  description  of  all  the  model  variables  and  dependencies  was  given  in  Walters  and 
Leylek  [2],  The  constants  for  the  Fluent  6.3  formulation  of  the  k-kL-co  model  are  given  in  Table 
A.L 


D.  Sanders  194 

CFD  Modeling  of  Separation  and  Transitional  Flow  in 
Low  Pressure  Turbine  Blades  at  Low  Reynolds  Numbers 

301 

Approved  for  public  release;  distribution  unlimited. 


Summary  of  Model  Constants 

A0  =  4.04 

CINT  =  0.75 

Crai  =  0.44 

As  =  2.12 

CxS,crit  =  1000 

CAP  =  0.15 

Av  =  6.75 

Cr,Nat  =  0.04 

C(„j3  =  0.3 

> 

W 

*0 

II 

CO 

Cn  =  3.4xl0"6 

Cx  =  2.495 

ANAt  -  60 

Ci2=  l.OxlO'9 

Cp,std  =  0.09 

Ats  =  200 

CR  =  0.08 

Pr9  =  0.85 

CBP,crit  —  1 2 

C„,e  =0.035 

CTk=  1 

CNAT,crit  =  440 

CTjl  =  4360 

aw  =  1.17 

Table  A.l.  Fluent  6.3  A'-Awt> model  constants 


A.1.2  Fluent  12.0  k-ki-co  Model 

The  transport  equations  for  the  Fluent  12.0  model  for  the  turbulent  kinetic  energy  ( kj ), 
laminar  kinetic  energy  (k£),  and  the  specific  dissipation  rate  {co)  which  were  given  as 
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A  detailed  description  of  all  the  model  variables  and  dependencies  was  given  in  the  Fluent  12.0 
User  Manual  [46],  The  constants  for  the  Fluent  12.0  formulation  of  the  k-kL-co  model  are  given 
in  Table  A.2. 
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Both  Table  A.l  and  A.2  showed  that  the  model  constants  are  significantly  different  for 
the  both  formulations  of  the  k-ki-co  model.  Also,  the  transport  equation  for  the  specific 


dissipation  rate  ( co )  has  changed  which  indicates  that  distribution  of  specific  dissipation  should 
be  different  for  each  of  the  formulations.  The  next  section  compared  the  flowfield  predictions 
obtained  from  both  the  Fluent  12.0  and  6.3  formulations  of  the  k-ki-co  model  at  high  and  low 
inlet  turbulent  intensities. 


A.2  CFD  Predictions  at  Low  Inlet  Turbulence  intensity 

The  two-dimensional  cascade  CFD  model  of  Aft-Loaded  L1A  blade  airfoil  (Fig.  3.5(c)) 
was  simulated  at  an  inlet  Reynolds  number  of  50,000.  Unsteady  simulations  were  ran  using  both 
Fluent  versions  of  the  k-ki-co  model  at  Tu  =  0.5%  with  an  inlet  turbulent  length  scale,  lm  =  50mm. 
The  next  sections  present  the  comparisons  of  the  static  pressure  coefficient,  boundary  layer 
profiles,  and  total  pressure  loss  coefficient  with  the  experimental  measurements  taken  by  Marks 
et  al.  [35]  in  the  LSWT.  Also  comparisons  were  made  with  CFD  result  of  Clark  et  al.  [25] 

which  used  the  Prasnier  and  Clark  [24]  correlation  based  transitional  flow  model.  A  total  of 
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191,589  and  221,549  time-steps  were  used  for  averaging  of  mean  flow  quantities  with  the  Fluent 


6.3  and  12.0  version  of  the  k-ki-co model  using  time  step  of  2  //sec. 

A.2.1  Mean  Surface  Static  Pressure  Coefficient 

In  Figure  A.l,  the  mean  static  pressure  coefficient  distributions  were  compared  to  the 
measurements  of  Marks  et  al.  [35]  and  CFD  results  of  Clark  [25].  At  the  Re  =  50,000,  both 
Fluent  versions  of  the  k-kp-co  model  results  showed  good  agreement  to  the  55%  and  42%  axial 
chord  suction  surface  location  with  Clark’s  [25]  CFD  and  experimental  results,  respectively. 
There  was  only  a  slight  difference  in  the  predicted  static  pressure  distribution  to  the  80%  axial 
chord  location  using  both  versions  of  the  k-kL-co  model.  The  Fluent  6.3  k-kL- co  model  predicted  a 
higher  local  pressure  peak  at  the  approximately  82%  axial  chord  location  compared  to  the  Fluent 
12.0  k-ki-co  model.  The  difference  was  attributed  to  the  behavior  of  the  vortices  created  from  the 
separated  shear  layer  as  they  moved  downstream  to  the  wake  region.  Both  k-kL-co  model 
formulations  predicted  a  lower  peak  pressure  than  the  Clark  [25]  CFD  result  but  both  over¬ 
predicted  the  peak  pressure  compared  to  the  experimental  results.  The  results  indicated  the 
prediction  of  the  blade  loading  using  the  k-ki-co  model  was  independent  of  the  Fluent  model 
formulation  at  low  turbulent  intensities. 
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Figure  A.l.  The  kd<dz (Q model  formulation  comparison  of  surface  static  pressure  coefficient  with  Clark  ej  al  T 251 

CFD  simulations  and  experimental  results  [351  at  Re  =  50.000.  Tu  =0.5%  for  the  Aft-Loaded  L1A  blade  airfoil 


A.2.2  Velocity  Contours  and  Boundary  Layer  Profiles 

Mean  velocity  magnitude  contour  plots  from  both  version  of  the  k-kL-co  model  were 
compared  to  the  PIV  contour  plots  taken  by  Marks  et  al.  [35]  in  Figure  A.2.  All  contour  plots 
showed  flowfields  on  the  suction  surface  of  the  blade  starting  at  approximately  50.0  -  94%  axial 
chord  location.  Both  of  the  k-kL-co  model  formulations  predicted  separated  flow  on  the  suction 
surface  trailing  edge  as  in  the  experimental  [35]  PIV  result.  The  mean  flow  characteristics  were 
very  similar  in  both  k-kL-co  model  predictions,  but  the  Fluent  12.0  version  did  predict  a  slightly 
larger  separation  region.  The  contours  plots  indicated  the  size  of  the  suction  surface  separation 
region  was  significantly  under-predicted  compared  to  the  experimental  [35]  PIV  result. 
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Figure  A.2.  Mean  velocity  contours  plots  of  the  (a)  Fluent  12.0,  and  (b)  Fluent  6.3  formulation  of  the  k-kT_-co 

model  at  Re  =  50,000,  and  (c)  PIV  results  1351  at  Re  =  60,000,  Tu  =  0.5%  for  the  Aft -Loaded  L1A  blade  airfoil 


The  mean  axial  velocity  boundary  layer  profiles  confirmed  the  trends  observed  in  the 
blade  suction  surface  contour  plot  comparisons.  Figure  A.3  shows  identical  boundary  layer 
profiles  using  both  k-kL-co  model  formulations  to  the  60.4%  axial  chord  location.  The  separation 
location  for  the  Fluent  6.3  model  result  at  64.4%  axial  chord  was  more  downstream  than  the 
Fluent  12.0  version  of  the  k-kL-co  model  which  was  located  at  the  62.8%  axial  chord  location. 
This  resulted  in  a  larger  separation  region  starting  at  the  65.5%  axial  chord  location  (Fig  A.3(a)) 
in  the  Fluent  12.0  k-kL-co  model  prediction.  Figure  A.3(b)  shows  the  reversed  flow  present  in  the 
boundary  layer  extended  to  the  95%  axial  chord  location  in  the  Fluent  12.0  k-kL-co  model 
prediction.  This  indicated  that  the  Fluent  12.0  model  formulation  predicted  a  larger  influence  of 
the  adverse  pressure  gradient  on  the  aft  portion  of  the  blade,  causing  more  reversed  flow.  Both 
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model  formulations  under-predicted  the  separation  region  compared  to  the  experimental  results 
starting  at  the  60.4%  axial  chord  location  and  continued  for  every  downstream  location  (Fig. 
A.3(a)-(b)). 
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Figure  A.3.  The  fc-Awu  model  formulation  comparison  of  the  mean  axial  velocity  boundary  layer  profiles  with 

experimental  (Re=60.000)  results  135 1  at  inlet  Re  =  50.000.  Tu  =  0.5%  for  the  Aft-Loaded  LI  A  blade  airfoil 


A.2.3  Unsteady  Features  of  the  Flowfield 

The  k-kL-co  model  formulation  comparisons  were  made  in  the  prediction  of  the  unsteady 
features  of  the  flowfield.  Instantaneous  contour  plots  of  vorticity  were  used  to  visualize  the 
features  of  the  flowfield  as  shown  in  Figure  A.4.  The  overall  unsteady  vortex  shedding  behavior 
was  similar  for  both  the  Fluent  12.0  and  6.3  versions  of  the  k-kL-co  model.  The  separated  shear 
layer  on  blade  suction  surface  consistently  produced  a  clockwise  vortex,  while  smaller  counter¬ 
clockwise  vortices  were  present  beneath  main  vortex  produced  by  the  separated  shear  layer.  The 
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Fluent  12.0  k-kL-co  model  consistently  produced  slightly  larger  vortices  from  the  suction  surface 
shear  layer.  Also,  the  behavior  of  the  small  counter-clockwise  vortices  shed  at  the  trailing  edge 
was  similar  in  both  k-kL-co  model  formulations.  The  main  difference  between  both  k-kL-co  model 
formulation  was  that  the  Fluent  12.0  k-kL-co  model  prediction  extended  the  vortices  across  the 
wake  region  compared  to  the  Fluent  6.3  k-kL-co  model  prediction. 


Figure  A.4.  Instantaneous  vorticity  contours  at  Re  =  50,000,  Tu  =  0.5%  for  (a)-(c)  Fluent  12.0  and  (d)-(f)  Fluent 

6.3  of  the  k-kj-  co  model  for  the  Aft-Loaded  LI  A  blade  airfoil 


The  time  signal  and  the  FFT  of  the  drag  coefficient  were  calculated  for  each  simulation 
completed  with  the  two  k-kL-co  model  formulations.  The  frequency  resolution  was  2Hz  and  3Hz 
for  the  Fluent  12.0  and  Fluent  6.3  formulation  of  the  k-kL-co  model,  respectively.  Figure  A.5(a) 
shows  the  unsteady  behavior  of  the  drag  coefficient  differed  depending  on  which  version  of  the 
k-kL-co  model  was  implemented,  which  was  attributed  to  the  behavior  of  the  vortex  shedding.  Yet 
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when  comparing  the  FFT  calculation,  it  showed  that  each  k-kL-co  model  formulations  was  in 
good  agreement  on  the  frequency  peaks  present  in  the  FFT  calculation,  given  the  frequency 
resolution.  This  quantitatively  confirmed  the  finding  observed  in  the  vorticity  contour  plots  in 
Fig.  A.4  that  the  prediction  of  the  overall  unsteady  behavior  of  the  vortex  shedding  at  Re  = 
50,000  was  similar  for  both  k-kL-<x>  model  formulations. 


(a)  Fluent  12.0  and  (b)  Fluent  6.3  formulation  of  the  model 


A.2.4  Total  Pressure  Loss  Coefficient 

The  total  pressure  loss  coefficient  obtained  from  both  k-kL-co  model  formulations  was 
compared  to  the  experimental  results  of  Marks  et  al.  [35]  as  shown  in  Figure  A.6.  Both  the 
formulations  of  the  Walters  and  Leylek  [2]  k-kL-co  transitional  model  significantly  under¬ 
predicted  the  maximum  value  of  the  loss  coefficient  compared  to  the  experimental  results  due  to 
the  over-prediction  of  the  dissipation  from  the  unsteady  vortices  in  the  wake  region.  The  Fluent 
6.3  k-kL-co  model  predicted  a  14%  higher  value  of  the  peak  loss  coefficient  achieving  49% 

agreement  with  the  experimental  results  compared  to  the  Fluent  12.0  k-kL-co  model  prediction 
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with  43%  agreement.  The  distribution  of  the  loss  coefficient  indicated  that  the  Fluent  12.0  k-k]_- 
co  model  predicted  the  effect  of  the  wake  to  extend  further  across  the  wake  region  than  the  Fluent 
6.3  k-ki-co  model  prediction.  Table  A.l  shows  that  81%  agreement  was  achieved  with  the 
Fluent  12.0  k-kfCO  model  when  comparing  the  integrated  loss  coefficient  to  the  experimental 
results.  This  indicated  that  the  Fluent  12.0  k-kL-<x>  model  predicted  an  adequate  amount  of 
viscous  losses,  but  the  distribution  of  the  viscous  losses  across  the  wake  region  was  inaccurate. 


Figure  A.6.  The  k-kT_-  co  model  formulation  comparison  of  total  pressure  loss  coefficient  with 

experimental  f351  result  at  inlet  Re  =  50,000,  Tu  =  0.5%  for  the  Aft-Loaded  LI  A  blade  airfoil 


Re 

Fluent  Model 

lm( mm  ) 

Integrated  Loss  Coefficient 

Maximum  Loss  Coefficient 

CFD 

Marks  et  al.  [35] 

CFD 

Marks  et  al.  [35] 

50,000 

12.0 

50 

0.4131 

0.5099 

0.7001 

1 .5974 

50,000 

6.3 

50 

0.3434 

0.7955 

Table  A. 3.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the 

experimental  f351  results  at  Re  =50,000,  Tu  =  0.5%  for  the  Aft-Loaded  LI  A  blade  airfoil 
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A.3  CFD  Predictions  at  High  Inlet  Turbulence  intensity 


Unsteady  simulations  were  completed  at  an  inlet  Tu  =  3.4%  using  both  formulations  of 
the  k-ki-co  model  at  Re  =  50,000.  The  inlet  turbulent  length  scale  was  set  as  lm  =  4mm  for  both 
simulations.  Similar  to  the  low  turbulence  intensity  cases,  comparisons  were  made  using  the 
static  pressure  coefficient,  boundary  layer  profiles,  and  total  pressure  loss  coefficient  with  the 
experimental  measurements  and  Clark  et  al.  [25]  CFD  results.  A  total  of  1 1,000  time-steps  using 
tstep  =  10//sec  were  used  for  averaging  of  mean  flow  quantities  with  the  Fluent  6.3  k-kL-co  model 
simulation  whereas  the  Fluent  12.0  simulation  used  a  total  50,000  time-steps  with  tstep  =  40  //sec. 

A.3. 1  Mean  Surface  Static  Pressure  Coefficient 

The  mean  surface  static  pressure  coefficient  shown  in  Figure  A.7  compared  the  blade 
loading  predicted  with  the  Fluent  12.0  and  6.3  formulations  of  the  k-kL-co  model  at  high  inlet 
turbulence  intensity.  The  Fluent  12.0  k-ki-co  model  predicted  a  similar  pressure  distribution  due 
to  flow  separation  and  turbulent  reattachment  which  was  comparable  to  Clark’s  [25]  CFD  and 
the  experimental  [35]  results.  The  closed  separation  region  was  indicated  to  be  larger  in  the 
Fluent  12.0  formulation  results  as  compared  to  the  experimental  [35]  and  Clark’s  [25]  CFD 
results.  The  Fluent  6.3  k-kL-co  model  predicted  a  fully  turbulent  flow  static  pressure  distribution 
with  no  indication  of  a  separation  bubble  which  was  not  observed  in  the  experimental  results.  So, 
this  indicated  the  Fluent  12.0  k-kL-co  model  provides  more  effective  prediction  of  the  Aft-Loaded 
LI  A  blade  loading  at  this  inlet  turbulence  intensity. 
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Figure  A.7.  The  k-kL- co  model  formulation  comparison  of  surface  static  pressure  coefficient  with  Clark  ej  at  T 251 

CFD  simulations  and  experimental  results  T351  at  Re  =  50.000.  Tu  =  3.4%  for  the  Aft-Loaded  L1A  blade  airfoil 


A3. 2  Velocity  Contours  and  Boundary  Layer  Profiles 

The  velocity  contours  and  boundary  layer  profiles  were  compared  at  high  inlet  turbulence 
intensity  obtained  from  both  formulations  of  the  k-k^-co  model.  The  velocity  contours  in  Figure 
A.8(a)  confirmed  the  presence  of  a  closed  separation  region  starting  at  approximately  the  60% 
axial  chord  location  in  the  Fluent  12.0  prediction  which  was  observed  in  the  experimental  PIV 
contour  plot  in  Figure  A.8(c).  The  Fluent  6.3  k-ki-co  model  indicated  an  attached  turbulent 
boundary  layer  which  was  not  observed  in  the  experimental  results  (Fig.  A.8(b)  &  Fig.  A.9). 
The  boundary  layer  profiles  for  the  Fluent  12.0  version  of  the  k-kL-co  model  predicted  the 
separation  point  at  the  65.9%  axial  chord  location  and  reattaching  by  the  89%  axial  chord 
location  as  shown  in  Figure  A.9.  The  separation  region  was  under-predicted  in  the  Fluent  12.0 
prediction  compared  to  the  experimental  result  [35].  The  separation  point  was  reported  to  be 
near  62%  axial  chord  location.  Reattachment  occurred  between  the  79.4  and  85%  axial  chord 
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position  in  the  experimental  [35]  result,  which  was  predicted  to  be  more  downstream  in  the 


Fluent  12.0  formulation  of  the  k-ki-co  model. 
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Figure  A.8.  Mean  velocity  contours  plots  of  the  (a)  Fluent  12.0,  (b)  Fluent  6.3  formulation  of  the  k-kT_- 

co  model  and  (c)  PIV  f351  results  at  Re  =  50,000,  Tu  =  3.4%  for  the  Aft -Loaded  LI  A  blade  airfoil 
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206 


Figure  A.9.  The  k-k,_-  cp  model  formulation  comparison  of  the  mean  axial  velocity  boundary  layer  profiles  with 

experimental  results  T351  at  inlet  Re  =  50,000.  Tu  =  3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil 


A.  3. 3  Total  Pressure  Loss  Coefficient 

The  total  pressure  loss  coefficient  obtained  from  both  k-kL-co  model  formulations  was 
compared  to  the  experimental  results  of  Marks  et  al.  [35]  as  shown  in  Figure  A.  10.  Both  the 
formulations  of  the  Walters  and  Leylek  [2]  k-kL-co  transitional  model  significantly  under¬ 
predicted  the  maximum  value  of  the  loss  coefficient  compared  to  the  experimental  results.  The 
Fluent  6.3  k-kL-co  model  predicted  a  34%  higher  peak  loss  coefficient  and  a  narrower  wake 
region  compared  to  the  Fluent  12.0  k-kL-co  model.  Better  agreement  to  the  experimental  results 
of  63%  was  achieved  in  the  integrated  loss  coefficient  prediction  with  the  Fluent  12.0  k-kL-co 
model. 
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In  summary,  the  Fluent  12.0  k-kL-co  model  was  used  in  the  Aft-Loaded  LI  A  blade  airfoil 
simulations  because  in  gave  similar  flow  predictions  at  the  lower  inlet  turbulence  intensity,  and 
better  agreement  with  the  experimental  results  at  the  high  inlet  turbulence  intensity.  The 
difference  in  the  prediction  in  the  Fluent  12.0  and  6.3  the  k-kL-co  model  was  attributed  the 
formulation  of  the  transport  equations  in  the  k-kL-co  model.  The  Lightly  and  Highly  Loaded 
blade  airfoil  simulation  completed  with  the  Fluent  6.3  k-kL-co  model  were  still  considered  valid 
because  those  simulation  were  done  at  a  low  inlet  turbulence  intensity  where  the  Fluent  12.0  and 
6.3  formulation  of  the  k-kL-co  model  obtained  similar  results  in  the  prediction  of  the  flowfield. 


Figure  A.  10.  The  k-kr-co  model  formulation  comparison  of  total  pressure  loss  coefficient  with 

experimental  T351  result  at  inlet  Re  =  50.000.  Tu  =  3.4%,  for  the  Aft-Loaded  LI  A  blade  airfoil 


Re 

Fluent  Model 

lm( mm) 

Integrated  Loss  Coefficient 

Maximum  Loss  Coefficient 

CFD 

Marks  et  at.  [35] 

CFD 

Marks  et  al  [35] 

50,000 

12.0 

4 

0.1502 

0.2397 

0.4083 

0.6791 

50,000 

6.3 

4 

0.0944 

0.5475 

Table  A.4.  Maximum  and  integrated  total  pressure  loss  coefficient  comparison  with  the 

experimental  1351  results  at  Re  =50.000.  Tu  =  3.4%  for  the  Aft-Loaded  LI  A  blade  airfoil 
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ABSTRACT 


McQuilling,  Mark  Wayne.  Ph.D.  Engineering  Ph.D.  Program,  Department  of  Mechanical  and  Mate¬ 
rials  Engineering,  Wright  State  University,  2007.  Design  and  Validation  of  a  High-Lift  Low-Pressure 
Turbine  Blade. 


This  dissertation  is  a  design  and  validation  study  of  the  high-lift  low-pressure  turbine  (LPT) 
blade  designated  L2F.  High-lift  LPTs  offer  the  promise  of  reducing  the  blade  count  in  modern  gas 
turbine  engines.  Decreasing  the  blade  count  can  reduce  development  and  maintenance  costs  and  the 
weight  of  the  engine,  but  care  must  be  taken  in  order  to  maintain  turbine  section  performance  with 
fewer  blades.  For  an  equivalent  amount  of  work  extracted,  lower  blade  counts  increase  blade  loading 
in  the  LPT  section.  The  high-lift  LPT  presented  herein  allows  38%  fewer  blades  with  a  Zweifel 
loading  coefficient  of  1.59  and  maintains  the  same  inlet  and  outlet  blade  metal  angles  of  conventional 
geometries  in  service  today  while  providing  an  improved  low-Reynolds  number  characteristic.  The 
computational  design  method  utilizes  the  Turbine  Design  and  Analysis  System  (TDAAS)  developed 
by  John  Clark  of  the  Air  Force  Research  Laboratory.  TDAAS  integrates  several  government- funded 
design  utilities  including  airfoil  and  grid  generation  capability  with  a  Reynolds- Averaged  Navier- 
Stokes  flow  solver  into  a  single,  menu-driven,  Matlab-based  system.  Transition  modeling  is  achieved 
with  the  recently  developed  model  of  Praisner  and  Clark,  and  this  study  validates  the  use  of  the 
model  for  design  purposes  outside  of  the  Pratt  &  Whitney  (P&W)  design  system  where  they  were 
created.  Turbulence  modeling  is  achieved  with  the  Baldwin  and  Lomax  zero-equation  model. 

The  experimental  validation  consists  of  testing  the  front-loaded  L2F  along  with  a  previously 
designed,  mid- loaded  blade  (L1M)  in  a  linear  turbine  cascade  in  a  low-speed  wind  tunnel  over  a 
range  of  Reynolds  numbers  at  3.3%  freest  ream  turbulence.  Hot-wire  anemometry  and  pressure 
measurements  elucidate  these  comparisons,  while  a  shear  and  stress  sensitive  film  (S3F)  also  helps 
describe  the  flow  in  areas  of  interest.  S3F  can  provide  all  3  components  of  stress  on  a  surface  in  a 
single  measurement,  and  these  tests  extend  the  operational  envelope  of  the  technique  to  low  speed  air 
environments  where  small  dynamic  pressures  and  curved  surfaces  preclude  the  use  of  more  traditional 
global  measurement  methods.  Results  are  compared  between  the  L1M  and  L2F  geometries  along 
with  previous  data  taken  in  the  same  wind  tunnel  at  identical  flow  conditions  for  the  P&W  Pack  B 
geometry. 
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1 


Introduction 


We  don’t  know  a  millionth  of  one  percent  about  anything. 

-  Thomas  Edison 

Modern  gas  turbine  engines  provide  propulsion  for  many  aircraft  in  service  today.  A  cross- 
section  of  a  modern  gas  turbine  engine,  the  Pratt  &  Whitney  PW4000,  is  shown  in  Figure  1.1(a). 
Air  entering  the  engine  is  compressed  by  several  rows  of  axial  flow  compressor  blades  before  the 
combustion  chamber  in  order  to  generate  enough  stagnation  pressure  in  the  flow  to  produce  sufficient 
thrust.  The  compressor  section  is  normally  divided  into  two  different  groups:  high-pressure  and  low- 
pressure;  some  recent  designs  even  include  a  third  spool  for  intermediate-pressure  compressor  and 
turbine  sections.  Each  group  consists  of  one  or  more  stages  of  blades  that  pressurize  the  incoming 
flow  of  air.  Following  the  compressor  is  the  combustor,  where  fuel  and  air  are  mixed  and  burned, 
producing  very  high  energy  flow  which  exits  into  the  turbine  section.  The  turbine  section  extracts 
energy  from  the  flow  to  drive  the  fan  and  compressor.  The  turbine  section  mirrors  the  compressor 
section  with  its  high-  and  low-pressure  sections,  each  with  one  or  more  rows  of  blades.  The  high- 
pressure  turbine  section  is  located  directly  behind  the  combustor.  Its  function  is  to  extract  energy 
from  the  highly  pressurized  hot  gases  and  power  the  high-pressure  compressor  section  through  a 
shaft  connecting  the  two.  Likewise,  the  low-pressure  turbine  section  extracts  energy  and  drives 
the  low-pressure  compressor  section.  Due  to  the  extremely  hot  exhaust  gases  from  the  combustor, 
intricate  cooling  mechanisms  are  required  to  keep  the  high-pressure  turbine  blades  from  melting. 
High-pressure  turbine  blade  geometries  house  inner  passages  so  cooling  air  can  circulate  through 
them,  dumping  heat  out  through  hundreds  of  tiny  holes  in  the  blade  surface.  The  thin  trailing  edges 
are  also  actively  cooled  with  low  temperature  air  relative  to  the  blade  metal  temperature.  Films  of 
cooler  air  can  also  be  injected  near  the  leading  edge  of  the  blade  that  serve  to  coat  the  surface  and 
protect  it  from  the  hot  gases. 
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1.1.  IMPORTANCE  OF  THE  WORK 


2 


(a)  Its  product  -  the  gas  turbine  engine  (P&W  4000). 


(b)  Its  focus  -  total  cost  of  engine  ownership. 


Figure  1.1:  The  gas  turbine  industry. 


The  mature  gas  turbine  industry  has  become  more  cost-driven  with  its  focus  on  the  total  cost 
of  engine  ownership,  from  initial  purchase  through  maintenance  and  repair  to  replacement  [?],  as 
illustrated  in  Figure  1.1(b).  This  means  the  technology  employed  in  the  engine  has  reached  such  a 
developed  state  that  some  incremental  improvements,  however  beneficial  to  performance,  may  no 
longer  be  cost-effective.  Instead,  the  industry  is  focusing  more  on  ways  to  reduce  the  current  total 
cost  of  engine  ownership. 


1.1  Importance  of  the  Work 

This  dissertation  seeks  to  illustrate  the  design  process  and  result  when  developing  a  front-loaded 
LPT  airfoil  with  a  loading  characteristic  higher  than  any  previously  published  design.  This  work 
is  part  of  an  ongoing  US  Air  Force  Research  Laboratory  initiative  which  seeks  to  find  the  limits 
of  the  LPT  design  space.  In  other  words,  we  want  to  find  out  what  loading  characteristics  and 
loading  levels  provide  optimal  LPT  designs  over  the  varied  flow  conditions  which  occur  in  modern 
gas  turbine  engines. 

The  high-lift  design  presented  herein  promises  a  reduced  low-pressure  turbine  blade  count  with 
an  improved  Reynolds  lapse  characteristic  over  current  LPT  blades  in  service  today.  The  Reynolds 
lapse  characteristic  is  the  measure  of  total  pressure  loss  across  the  LPT  as  the  Reynolds  number  is 
decreased.  Current  LPTs  suffer  a  dramatic  increase  in  losses  with  decreasing  Reynolds  number,  and 
this  is  usually  due  to  the  effects  of  separation  [Sharma  1998].  A  reduced  turbine  blade  count  can 
lower  part  counts,  maintenance,  and  weight  of  an  engine,  thus  lowering  the  overall  system  cost.  The 
improved  low-Re  performance  promises  increased  efficiency,  reduced  fuel  consumption,  longer  loiter 
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1.2.  THE  LOW-PRESSURE  TURBINE 


3 


times,  and  higher  maximum  altitudes  over  current  designs  in  service  today.  Through  the  course  of 
this  study,  a  recently  developed  separated-flow  transition  model  by  Praisner  and  Clark  was  used 
to  design  the  new  LPT  airfoil.  Its  validation  proves  the  model’s  general  utility  in  RANS-based 
turbomachinery  design  systems  outside  of  the  Pratt  &  Whitney  design  system  where  it  was  created. 
Thus  the  design  of  the  new  LPT  dubbed  “L2F”  both  expands  the  turbomachinery  designer’s  current 
design  space  with  higher-lift  options  and  proves  to  the  research  community  the  general  utility  of  a 
new  transition  modeling  tool  for  RANS-based  design  and  analysis  purposes.  The  extensive  bank  of 
experimental  data  obtained  in  this  work  also  provides  a  wealth  of  information  useful  for  CFD  code 
validation  purposes. 

In  addition,  this  dissertation  will  illustrate  the  development  of  a  shear  and  stress  sensitive  film 
(S3F)  for  low-speed  applications,  particularly  in  the  LPT  environment.  A  major  difficulty  with 
measuring  surface  shear  in  air  flow  environments  is  the  small  friction  forces  limited  by  the  low 
density  of  air;  these  difficulties  grow  exponentially  as  flow  velocity  is  decreased.  This  problem  is 
addressed  in  this  research  by  properly  tuning  the  properties  of  the  film  such  as  elastic  modulus 
and  thickness.  These  low-speed  tests  provide  the  opportunity  for  S3F  technology  development, 
accomplished  by  Innovative  Scientific  Solutions,  Inc.,  of  Dayton,  OH.  Highly  curved  surfaces  on  the 
LPT  blades  in  this  study  also  present  challenges  to  overcome.  These  issues  have  been  addressed  in 
order  to  bring  to  the  experimental  low-speed  fluids  community  a  non-intrusive  diagnostic  technique 
to  obtain  regional  skin  friction  and  normal  pressure  maps  in  low-speed  air  flow  environments. 

1.2  The  Low-Pressure  Turbine 

LPT  design  is  a  tricky  game  to  play.  On  one  hand,  the  LPT  must  perform  optimally  at  high- Re 
conditions  near  sea  level  where  maximum  loading  is  required  for  take-off.  On  the  other  hand,  the 
majority  of  flight  time  is  spent  in  higher  altitude  cruise  conditions,  where  the  lower  air  density  results 
in  a  lower  Re  and  lower  momentum  flow  in  the  LPT  section.  Low- Re  conditions  can  be  particularly 
troublesome,  as  the  lower  momentum  flow  is  prone  to  separation  and  transition  effects  due  to  the 
adverse  pressure  gradient  experienced  on  the  suction  surface  of  the  blade.  Off-design  operating 
conditions  in  the  LPT  section  result  in  performance  degradation  due  to  this  flow  separation.  There 
are  several  parameters  that  must  be  studied  in  order  to  develop  a  comprehensive  understanding  of 
the  flow  behavior  around  the  LPT  blade,  including  Reynolds  number,  freestream  turbulence  intensity 
(FSTI)  and  length  scale,  blade  geometry,  and  pressure  gradient. 

A  turbine  section  can  have  multiple  stages  typically  consisting  of  two  rows  of  airfoils,  a  vane  and 
a  blade;  some  designs  employ  counter-rotating  blades  which  eliminate  the  vane.  The  vane  row  is 
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fixed  and  guides  the  incoming  flow  into  the  tangential  direction  of  rotation.  The  row  of  blades  turn 
the  flow,  resulting  in  a  net  torque  on  the  shaft.  The  effect  of  the  entire  turbine  section  is  to  expand 
the  gas  (increase  the  velocity)  while  extracting  energy  to  power  the  compressor. 

There  are  two  primary  phenomena  dictating  the  flow  envi¬ 
ronment  in  the  low-pressure  turbine  section:  unsteadiness  and 
low- Reynolds  number  effects  (flow  separation).  Unsteadiness 
in  the  turbine  section  is  caused  by  two  principle  mechanisms: 
secondary  flows  generated  by  a  single  blade  row  and  the  inter¬ 
action  of  upstream  disturbances  (wakes  and  secondaries)  with 
downstream  blade  rows  as  they  convect  with  the  bulk  fluid. 

This  high  degree  of  unsteadiness  also  complicates  the  model¬ 
ing  of  the  transition  process  as  the  flow  around  the  turbine 
blades  changes  from  laminar  to  turbulent.  At  low  Reynolds 
numbers,  the  turbine  performance  may  be  dictated  by  the  laminar  flow’s  poor  resistance  to  separa¬ 
tion.  This  flow  separation  in  turn  causes  reduced  efficiencies  of  the  LPT  section,  and  can  significantly 
degrade  turbine  blade  performance  resulting  in  a  loss  of  thrust  and  increased  consumption  of  fuel. 
Gad-el-Hak  [Gad-el-Hak  1990]  suggests  that  for  external  aerodynamics,  an  airfoil  shape  experiencing 
a  Reynolds  number  less  than  5  •  104,  based  on  freestream  velocity  and  chord  length,  will  experience 
laminar  separation  with  no  reattachment.  Internal  aerodynamics  may  react  differently,  however,  as 
wall  proximity  effects  and  upstream  disturbance  convection  may  not  allow  the  flow  to  expand  and 
separate  as  easily  as  on  airplane  wings.  Laminar  separation  in  particular,  as  seen  in  Figure  1.2,  leads 
to  significant  degradation  of  engine  performance  due  to  the  presence  of  large  re-circulation  zones, 
with  their  attendant  high  degree  of  blockage,  large  wakes,  and  reduced  flow  turning.  A  turbulent 
boundary  layer  is  much  less  likely  to  separate,  and  previous  work  has  shown  turbulent  separation 
bubbles  over  turbine  blades  are  smaller  and  have  less  effect  on  performance.  The  high-lift  design  pre¬ 
sented  herein  seeks  to  increase  the  loading  achieved  by  the  LPT  section  rotor  while  simultaneously 
producing  an  airfoil  with  an  improved  low-Re  characteristic. 

1.3  Instability  and  Transition 

Problems  involving  stability  and  transition  exist  in  internal  aerodynamics  (turbomachinery)  and 
external  aerodynamics  (air  vehicles),  as  well  as  with  hydrodynamics  (submarines).  Transition  studies 
have  been  performed  on  flat  plates  as  well  as  turbine  geometries  over  a  wide  variety  of  flow  conditions. 
Knowing  the  locations  and  length  of  transition  are  extremely  important  for  design  purposes;  for 
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example,  turbulent  heat  transfer  levels  are  generally  3  to  5  times  higher  than  in  laminar  conditions 
[Mayle  1991].  Several  studies  point  to  the  need  for  improved  transition  modeling  in  order  to  advance 
the  design  of  turbomachinery  [Lakshminarayana  1991;  Simon  and  Ashpis  1996;  Dunn  2001].  The 
exploitation  of  transition  and  turbulence  features  in  LPT  flows  both  allows  the  high-lift  design  and 
complicates  the  flow  structure  around  the  airfoil.  The  difficulty  in  studying  transition  comes  from 
the  variety  of  factors  which  influence  its  evolution:  development  of  freestream  turbulence  intensity 
and  length  scale,  pressure  gradient,  surface  curvature,  wall  roughness,  heating  and  cooling,  three- 
dimensionality,  and  unsteadiness,  as  well  as  other,  perhaps  less  important  effects.  These  non-linear 
growth  mechanisms  complicate  the  use  of  stability  theory  when  an  accurate  prediction  of  transition 
is  desired  [Mayle  1991]. 

There  are  generally  five  basic  modes  of  transition  in  gas  turbine  engines:  natural,  bypass, 
separated- flow,  periodic-unsteady,  and  reverse  [Mayle  1991].  Natural  transition  is  the  mode  most 
thought  of  when  “transition”  is  mentioned,  and  this  occurs  as  a  weak  instability  grows  in  a  laminar 
boundary  layer  until  subsequent  breakdown  and  formation  of  turbulence.  The  most  likely  form 
occurring  in  gas  turbine  engines  is  bypass  transition ,  wherein  some  or  all  of  the  laminar  breakdown 
process  does  not  occur,  and  is  instead  driven  by  freestream  unsteadiness.  Separated- flow  transition 
occurs  when  a  laminar  boundary  layer  separates  and  transitions  in  the  free  shear  layer  above  the 
bubble.  This  type  of  transition  can  occur  near  the  leading  edges  of  blades  and  near  the  point  of 
minimum  pressure  on  the  suction  surface  sides.  Of  all  of  the  modes,  separated- flow  transition  is  the 
most  crucial  for  compressor  and  LPT  design.  Periodic-unsteady  transition  occurs  due  to  the  na¬ 
ture  of  turbomachinery  flows:  they  are  inherently  periodic  and  unsteady,  so  the  transition  processes 
taking  place  are  also  unsteady  and  periodic.  Reverse  transition,  often  called  “relaminarization” , 
occurs  where  a  previously  turbulent  or  transitional  region  is  affected,  usually  by  a  strong  favorable 
pressure  gradient,  so  it  becomes  laminar.  An  instantaneous  snapshot  of  the  flow  over  a  single  airfoil 
may  include  laminar  flow  near  the  leading  edge,  followed  by  a  wake-  or  shock-induced  transition 
which  is  in  turn  replaced  by  a  relaminarization  with  subsequent  transition  to  turbulence  occurring 
at  multiple  locations  simultaneously.  Mayle  points  out  that  one  of  the  unresolved  issues  is  whether 
or  not  the  linear  instabilities  show  up  in  regions  of  wake  and  shock  interaction  or  strong  adverse 
pressure  gradient  such  as  that  occurring  over  the  suction  surface  of  the  LPT.  Halstead  et  al.  have 
considered  the  effects  of  wakes  so  important  to  transition  in  turbomachinery  as  to  define  only  two 
modes:  wake-induced,  and  everything  else  (non- wake-induced)  [Halstead  et  al.  1997a]. 

In  2004,  Praisner  and  Clark  published  a  transition  model  for  RANS  solvers  using  a  two-equation 
turbulence  model  with  sufficient  accuracy  for  use  in  an  airfoil  design  system  [Praisner  and  Clark  2007; 
Praisner  et  al.  2007].  Using  Wilcox’s  k  —  u  turbulence  model,  they  constructed  a  CFD-supplemented 
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experimental  database  of  57  attached-flow  and  47  separated-flow  with  turbulent  reattachment  test 
cases  using  actual  turbine  geometries.  Dimensional  analyses  led  to  the  appropriate  laminar  bound¬ 
ary  layer  quantities  for  both  flow  situations.  Two  new  transition  models  were  developed  -  one  for 
attached- flow  and  one  for  separated-flow  with  turbulent  reattachment.  The  attached-flow  model  is 
based  on  a  correlation  between  the  local  turbulence  intensity,  turbulent  length  scale,  and  momentum 
thickness  Reynolds  number  at  transition  onset,  which  can  be  recast  into  a  critical  ratio  of  the  bound¬ 
ary  layer  diffusion  time  to  turbulent  time  scale.  The  separated-flow  model  was  a  correlation  based 
on  the  momentum  thickness  Reynolds  number  at  separation  onset.  The  separated-flow  transition 
model  of  Praisner  and  Clark  is  used  in  the  current  study  to  design  the  L2F  geometry. 

1.4  Current  Direction  of  Low-Pressure  Turbine  Design 

The  gas  turbine  industry  has  achieved  a  high  degree  of  maturity,  which  means  it  is  becoming  more 
of  a  cost-driven  business  rather  than  a  technology- driven  business.  With  increasing  regularity,  gas 
turbine  design  is  focusing  on  the  total  cost  of  engine  ownership,  from  initial  purchase  through  main¬ 
tenance  and  replacement.  At  the  Minnowbrook  II  1997  Workshop  on  Boundary  Layer  Transition 
in  Turbomachines ,  Wisler  explained  how  the  lack  of  ability  to  accurately  predict  the  transition  pro¬ 
cess  has  seriously  hampered  the  turbine  engine  designer’s  ability  to  gain  maximum  benefit  from 
the  design  process  [?].  This  is  especially  crucial  for  compressor  and  turbine  design,  as  the  relative 
motion  between  adjacent  stator  and  rotor  blade  rows  cause  high  frequency  disturbance  patterns  to 
propagate  through  the  engine  and  influence  the  boundary  layer  behavior.  Modern  computational 
fluid  dynamics  (CFD)  techniques  can  easily  handle  the  Reynolds- Averaged  Navier-Stokes  equations 
(RANS)  for  both  2D  and  3D  configurations,  but  are  typically  only  as  accurate  as  the  turbulence 
and  transition  modeling  capability.  Wisler  continues  to  define  the  heart  of  the  problem: 

...what’s  missing  is  an  adequate  turbulence  model,  one  that  provides  a  pratical,  CFD 
design  tool  that  will  consistently  and  accurately  predict  transition  and  other  boundary  layer 
features  for  arbitrary  flows.  This  missing  link  impedes  designers  in  their  efforts  to  tailor 
airfoil  shapes  to  achieve  increased  loading  and/or  increased  efficiency. 

Two  major  design  outcomes  are  desired  here  -  increased  loading  and  increased  efficiency.  Increasing 
the  airfoil  loading  allows  the  reduction  of  engine  part  count,  thereby  reducing  the  cost,  maintenance, 
and  weight  of  the  engine.  Care  must  be  taken  when  reducing  the  blade  count,  however,  as  it  can 
lead  to  an  increased  chance  for  larger  separation  bubbles  and  increased  loss  [Gier  and  Ardey  2001]. 
Increasing  the  efficiency  reduces  the  fuel  consumption  of  the  engine.  Wisler  estimates  that  a  1% 
gain  in  LPT  efficiency  will  provide  nearly  $52,000  per  year  per  aircraft  in  operational  savings  for 
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most  commercial  and  military  aircraft.  Another  possible  benefactor  from  the  extra  work  provided  by 
high-lift  LPT  designs  include  extra  power  generation  for  auxilliary  systems  such  as  air  conditioning, 
radar  and  other  electrical  requirements,  as  well  as  for  directed  energy  weapon  systems.  A  current 
concern  in  their  development  and  use  is  finding  the  tremendous  amount  of  extra  power  needed  to 
operate  these  systems;  current  concepts  also  include  the  addition  of  a  reheat  to  the  Brayton  cycle 
in  the  form  of  an  inter-turbine  burner  [Zelina  2006].  Wisler’s  comment  above  illustrates  how  both 
of  the  current  objectives  of  the  gas  turbine  engine  design  community  can  be  better  achieved  with 
improved  turbulence  and  transition  modeling. 


1.5  What  is  a  High-Lift  Design? 


The  term  “high-lift”  in  itself  signifies  an  increased  loading,  which  is  one  of  the  desired  design  features 
for  the  gas  turbine  industry  as  mentioned  in  the  previous  section.  High-lift  designs  offer  the  promise 
of  lower  blade  counts  by  extracting  a  greater  amount  of  work  per  blade,  thereby  requiring  fewer 
blades  for  an  equivalent  overall  power  extraction.  Multiple  studies  have  used  the  terms  “high-lift” 
and  “ultra-high-lift”  to  describe  their  “high  performance”  profiles,  but  with  no  standard  descriptor 
by  which  to  compare  designs  it  is  difficult  to  globally  quantify  a  “high-lift”  design.  Several  studies 
have  called  the  Pack  B  profile  a  high  performance  blade,  and  as  such  a  “high-lift”  airfoil.  One 
common  measure  of  the  amount  of  available  work  which  can  be  extracted  from  a  turbine  blade  is 
the  Zweifel  loading  coefficient,  Zw,  defined  in  this  study  as  Equation  1.1: 


Zw  =  2— -cos2  02 

J?3 


—tanfli  +  tan/32 
u2 


(l.i) 


where  S  is  the  suction  surface  length  of  the  blade,  Bx  is  the  axial  chord,  (3\  and  /?2  are  the  inlet 
and  exit  gas  flow  angles,  respectively,  and  u\  and  U2  are  the  inlet  and  exit  streamwise  velocity 
components,  respectively.  The  Zweifel  loading  coefficient  was  originally  developed  to  determine 
the  number  of  blades  and  solidity  needed  for  optimal  turbine  performance  [Zweifel  1945;  Hill  and 
Peterson  1992].  Unfortunately,  not  all  published  work  adheres  to  any  standard  guideline  such  as 
including  their  Zweifel  loading  coefficient  with  other  results.  As  this  work  produces  a  new  low- 
pressure  turbine  blade  with  a  loading  characteristic  higher  than  any  previously  published  design,  it 
is  somewhat  abstract  and  silly  to  come  up  with  a  “really -really- high-lift”  LPT  designation,  although 
other  studies  would  lead  one  to  consider  such  a  designation.  Therefore  in  this  study,  a  “high-lift 
design”  will  be  considered  a  nominal  Zw  >  1.15. 
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1.5.1  The  Pack  B  Low-Pressure  Turbine 

Pratt  &  Whitney  introduced  the  Pack  B  LPT  design  in  order  to  provide  a  then-current  higher-lift 
design  with  an  improved  low  -Re  efficiency  in  the  LPT  section  [Clark  2005] .  The  Pack  B  turbine  is  an 
incompressible  Mach- number  scaled  version  of  a  conventional  geometry  used  in  commercial  aircraft, 
and  results  in  a  nominal  Zw  =  1.15.  The  Pack  B  geometry  has  been  used  as  a  baseline  LPT  for 
many  researchers  over  many  topics,  and  this  trend  will  continue  here.  Overall  LPT  performances 
presented  in  this  dissertation  will  be  compared  to  the  Pack  B  as  a  baseline. 

1.5.2  Previous  Design  and  Higher-Lift  Efforts 

Previous  design  efforts  have  included  derivatives  of  the  Pack  B  as  well  as  completely  new  airfoils. 
Concepts  have  included  front-loaded,  mid-loaded,  and  aft-loaded  designs.  Some  studies  have  included 
LPT-relevant  phenomena  such  as  disturbances  or  wakes  generated  by  upstream  blade  rows  which 
convect  through  the  engine  and  disturb  the  flow  around  the  LPT.  Wakes  are  an  important  viscous 
phenomena  as  they  can  (but  not  always)  dissipate  over  longer  time  scales  than  inviscid  pressure 
gradients  [Dring  et  al.  1982],  and  therefore  can  propagate  and  cause  more  interactions  than  inviscid 
pressure  waves  alone.  The  generated  wakes  attempt  to  mimic  the  actual  LPT  environment  by 
providing  frequent,  localized  concentrations  of  disturbance  energy  which  affect  the  boundary  layer 
in  two  distinct  fashions:  an  immediate  inviscid  Kelvin-Helmholtz  vortex  roll-up  due  to  the  wake 
penetration  and  roll-up  in  the  boundary  layer,  and  a  subsequent  diffusion  of  turbulent  kinetic  energy 
brought  by  the  convecting  wake  [Stieger  and  Hodson  2004].  The  term  “wake-induced  transition” 
has  been  used  to  label  the  effects  of  such  phenomena  [Mayle  and  Dullenkopf  1989].  For  brevity,  only 
the  LPT  design  studies  most  relevant  to  the  current  work  will  be  described  here.  More  information 
on  other  recent  LPT  design  research  is  included  as  Appendix  A. 

In  1997,  Curtis  et  al  studied  various  blade  profiles  with  Zw  «  1  for  LPT  applications  by  changing 
the  suction  surface  pressure  distribution  with  flaps  and  inserts  over  inlet  Reynolds  number  from 
70,000  to  400,000  [Curtis  et  al.  1997].  Noting  a  great  need  for  higher  loaded  designs,  their  study 
found  wakes  affect  the  suction  surface  loss  much  more  than  the  trailing  edge  or  pressure  surface 
losses.  They  proposed  the  two  most  significant  factors  to  determine  the  suction  surface  velocity 
distribution  are  the  degree  of  deceleration  along  the  surface  and  the  location  of  the  velocity  peak. 
This  is  important  since  it  gives  us  two  distinct  properties  of  an  airfoil  design  to  examine  closely: 

1.  “degree  of  deceleration”:  this  is  the  pressure  gradient,  specifically  the  magnitude  of  adverse 
pressure  gradient  along  the  suction  surface  of  an  LPT  design. 

2.  “location  of  velocity  peak”:  this  is  the  loading  characteristic,  i.e.  where  the  maximum  or 
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minimum  pressure  is  located  on  the  airfoil.  Choices  include  front-  (L2F),  mid-  (L1M),  and 

aft-loaded  (Pack  B)  designs. 

Gonzalez  et  al.  in  2002  experimentally  studied  the  redesign  for  high  lift  of  a  civil  engine  LPT, 
where  the  LPT  section  accounted  for  20%  of  the  total  engine  weight  and  15%  of  the  total  engine 
cost  [Gonzalez  et  al.  2002].  They  found  that  profile  loss,  or  the  loss  generated  by  viscous  effects 
around  the  airfoil’s  cross-section,  accounted  for  up  to  80%  of  the  total  LPT  losses.  Their  work 
supports  the  idea  of  an  optimum  location  for  the  Mach  number  peak,  or  point  of  minimum  pressure. 
Results  show  as  Reynolds  number  is  increased,  the  suction  surface  transition  length  decreases  while 
reattachment  moves  upstream  towards  the  leading  edge.  As  Reynolds  number  was  decreased,  the 
stagnation  pressure  loss  increased.  Their  investigation  of  an  unsteady  environment  by  introducing 
periodic  wakes  generated  by  moving  bars  across  the  inlet  showed  an  earlier  reattachment  due  to 
wake-induced  transition.  While  unsteady  results  were  unclear  for  aft-loading  versus  front-loading, 
Gonzalez’s  steady  results  did  in  fact  show  the  overall  loss  increased  for  an  aft-loaded  design. 

Praisner  et  al.  recently  used  their  attached-flow  and  separated-flow  transition  models  to  develop 
two  new  LPT  designs  based  on  the  Pack  B  profile  [Praisner  et  al.  2004].  Using  optimization  tech¬ 
niques,  they  designed  two  Zw  =  1.4  LPTs:  one  front-loaded  (Pack  D-F),  and  the  other  aft-loaded 
(Pack  D-A).  Compared  to  the  performance  of  the  original  Zw  =  1.15  aft-loaded  Pack  B,  steady 
results  showed  the  aft-loaded  Pack  D-A  suffered  greater  losses  over  a  range  of  Reynolds  numbers 
while  the  front-loaded  Pack  D-F  enjoyed  decreased  losses.  The  front-loaded  design  has  an  earlier 
suction  peak  compared  to  the  aft-loaded  designs,  and  this  allows  the  adverse  pressure  gradient  ex¬ 
perienced  by  the  front-loaded  design  to  be  spread  out  over  a  longer  suction  surface  distance.  Thus 
the  adverse  pressure  gradient  for  the  Pack  D-F  is  not  strong  enough  to  cause  separation  before 
transition  as  with  the  aft-loaded  designs,  but  will  instead  promote  transition  before  separation.  The 
authors  also  illustrated  the  inability  of  the  Wilcox  k  —  uj  turbulence  model  to  accurately  capture 
the  effects  of  secondary  flows  near  blade  endwalls.  With  adequate  transition  modeling,  they  propose 
that  front-loaded  designs  do  not  require  the  use  of  flow  control  (such  as  vortex  generator  jets)  to 
maintain  efficiency.  In  addition,  later  work  found  that  a  front-loaded  LPT  experiences  a  “row-loss 
augmentation”  (decrease  in  losses)  due  to  turning  the  flow  earlier  and  encountering  a  less  mixed-out 
wake  [Praisner  et  al.  2006]. 

In  2005,  Clark  and  Koch  designed  a  mid-loaded  LPT  with  Zw  =  1.34,  a  17%  increase  over  the 
Pack  B  [Bons  et  al.  2005].  Their  mid- loaded  design  reduced  the  adverse  pressure  gradient  in  the 
latter  uncovered  turning  portion  of  the  blade.  Their  work  also  examined  the  feasibility  of  designing 
LPTs  with  integrated  flow  control,  in  their  case  vortex  generator  jets  (VGJs).  VGJs  allow  an 
equivalent  loading  with  a  reduced  axial  chord,  an  increased  loading  at  constant  chord  and  solidity, 
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or  a  decreased  solidity  (increased  pitch)  at  constant  loading.  Sondergaard  et  al.  have  shown  that  the 
use  of  VGJs  on  the  Pack  B  profile  allows  an  equivalent  loading  with  50%  fewer  blades  [Sondergaard 
et  al.  2002].  Both  experimental  and  numerical  studies  have  agreed  that  VGJs  can  effectively  control 
separation  with  pulsed  blowing  at  a  duty  cycle  as  low  as  10%  [Sondergaard  et  al.  2002;  ?;  Postl  et  al. 
2004]. 

In  2006,  Reimann  et  al.  experimentally  studied  the  Pack  B  and  L1M  profiles  at  a  chord  Reynolds 
number  of  20,000  and  FSTI  =  0.3%  with  hot-film  anemometry  in  order  to  investigate  the  efficacy  of 
VGJs  with  different  loadings  and  separation  characteristics  [Reimann  et  al.  2006].  VGJs  were  placed 
at  9%  axial  chord  upstream  of  the  respective  separation  onset  locations,  and  were  pulsed  at  5  Hz  with 
blowing  ratios  of  2  for  the  L1M  and  3  for  the  Pack  B.  Their  baseline  no  flow  control  tests  found  the 
L1M  transitions  before  the  Pack  B  due  to  the  more  forward  (upstream)  loading  characteristic,  with 
minimum  Cp  occurring  at  47%  and  63%  axial  chord  for  the  L1M  and  Pack  B,  respectively.  The  L1M 
transition  length  was  also  longer  than  the  Pack  B;  this  was  attributed  to  a  closer  proximity  to  the 
wall  where  the  transition  in  the  shear  layer  took  place.  Their  work  also  showed  earlier  reattachment 
than  previous  MISES  CFD  results  using  Praisner  and  Clark’s  separated-flow  transition  model  [Bons 
et  al.  2005].  The  recent  studies  highlighted  above,  as  well  as  those  included  in  Appendix  A,  have 
been  organized  into  two  tables  which  summarize  some  important  conclusions  regarding  LPT  design. 
Tables  1.1  and  1.2  list  the  researcher (s),  year  of  publication,  airfoil  shape (s),  test  or  simulation  flow 
conditions,  method  of  examination,  and  highlighted  results.  A  quick  glance  over  these  two  tables 
gives  one  some  insight  into  the  motivation  and  philosophy  behind  the  current  design  study. 

Examining  the  summary  of  recent  design  efforts  presented  in  Tables  1.1  and  1.2,  it  appears  that 
there  is  support  for  both  front-loaded  and  aft-loaded  LPT  designs.  The  inclusion  of  wakes  seems 
to  be  the  dividing  factor  which  determines  whether  or  not  the  aft-loaded  design  will  be  beneficial. 
The  pros  and  cons  of  wakes  have  been  well-documented,  and  the  front-loaded  design  performs  well 
in  both  situations.  This  suggests  the  most  robust  LPT  design  over  all  flight  conditions  should  be  a 
front-loaded  design.  It  has  also  been  pointed  out  that  only  improved  transition  modeling  will  allow 
the  high-lift  solution  to  the  low-Reynolds  number  LPT  lapse  in  efficiency.  By  using  Dan  Dorney’s 
(NASA  Marshall)  Wildcat  flow  solver  [Dorney  and  Davis  1992]  with  Praisner  and  Clark’s  transition 
model  to  design  a  front-loaded,  higher-lift  LPT  with  an  improved  low- Re  characteristic,  the  current 
study  validates  the  transition  model  for  turbomachinery  design  purposes  and  answers  the  call  of  the 
gas  turbine  industry  for  well-behaved  higher-lift  airfoils  which  can  decrease  the  required  blade  count 
in  modern  gas  turbine  engines. 
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Table  1.1:  Recent  Design  Efforts  Summary,  Part  1*. 


Researcher  (s) 

Year 

Airfoil(s) 

Conditions 

Method 

Remarks 

Cicatelli  & 

1997 

FL 

Re  =  2  •  106 

EXP 

PS  dominance  in  shedding 

Sieverding 

LPT 

FSTI=1.15% 

spectrum;  TR’l  BL  has  2 

maxima  in  spectra 

Curtis 

1997 

Zw  ~  1 

Re  =  7  ■  104 

EXP 

wakes  primarily 

et  al. 

LPT 

to  4  •  105 

affect  SS 

Wolff 

2000 

Pack  B-like 

hot-wire, 

wakes  allow  greater  dp/dx , 

et  al. 

LPT  cascade 

wakes 

increase  local  rw ; 

calmed  region  benefits 

Dennis 

2001 

FL,  ML,  AL 

optimization: 

2D  NS, 

thicker  LE  and  FL 

et  al. 

LPTs 

GA,SQP  for 

K-eTU 

design  has  lowest 

min  P-loss 

loss 

Howell 

2001 

AL,  Zw  «  1 

Re  =  1  •  105 

EXP 

Reg  ~  250  for  WIT; 

et  al. 

LPTs 

to  2.1  •  105, 

hot-wire 

AL  =  increased  losses 

FSTI=0.5% 

wakes 

when  separated 

Howell 

2002 

Zw  «  1.05 

Re  =  6  •  104 

EXP 

Ree  -  250  for  WIT; 

et  al. 

BR710  k 

to  1.2  •  105 

hot-wire 

WIT  occurs  only  if 

BR715  LPTs 

wakes 

already  separated 

Gonzalez 

2002 

high- lift 

EXP 

Re  T  =  TRiength  1, 

et  al. 

civil  LPT, 

wakes 

RE  upstream,  loss  j; 

AL  &  FL 

AL  =  f  loss 

Sieverding^ 

2004 

compressor 

optimization: 

3D  MISES 

GAs  w/  mutation 

et  al. 

blade 

range  and 

better  than 

performance 

GSM,  NN 

Sonoda’*’ 

2004 

compressor 

optimization: 

low-Re  NS 

FL  blade  =  earlier 

et  al. 

blade 

min  P-loss 

w/  Chien’s 

TR  =  separation 

K-eTU 

resistance 

Abbreviations  defined  in  Nomenclature, 
t  Compressor  optimization,  not  turbine. 
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Table  1.2:  Recent  Design  Efforts  Summary,  Part  2*. 


Researcher  (s) 

Year 

Airfoil(s) 

Conditions 

Method 

Remarks 

Houtermans 

2004 

Zw  =  1.47 

Re  =  5  •  104 

EXP 

Re  |  =  T  loss; 

et  al. 

FL  LPT 

to  2  •  105, 

accurate  TR  modeling 

FSTI=0.6% 

difficult  for  varied  loading 

Stieger 

2004 

Zw  ~  1 

low  Re 

EXP 

wake-BL  interactions 

et  al. 

AL  T106 

different  inside 

LPT 

separation  bubble 

Praisner 

2004 

high- load 

low  -Re, 

apply  new 

FL  LPT  outperforms 

et  al. 

Zw  =  1.4 

3D  RANS 

TR  model 

ML  and  AL  profiles; 

FL  &  AL 

sims 

in  design 

intermittency 

LPTs 

process 

not  considered 

for  LPT  design 

Zhang  & 

2005 

Zw  =  1.19 

Re  =  1.3  •  105 

EXP 

Re-dependent  wire 

Hodson 

T106C 

to  2.6  •  105 

wakes 

diameter;  AL  only  with 

ML  LPT 

trips 

trips/wakes 

Bons 

2005 

Zw  =  1.34 

low  Re 

EXP 

VGJs  allow  1  chord, 

et  al. 

ML  LPT 

LPTs  w/ 

t  loading,  or 

(L1M) 

VGJs 

f  solidity;  L1M 

stall-free  down 

to  Re  =  2  •  104 

Reimann 

2006 

Zw  =  1.34 

Re  =  2  •  104 

EXP 

L1M  TR’s  before 

et  al. 

L1M  and 

FST I  =  0.3% 

hot-wire 

Pack  B  with  longer 

Zw  =  1.15 

VGJs 

TR  length;  VGJ  lag 

Pack  B 

&  effectiveness  is 

blade-dependent ; 

VGJ  calming  effect 

Abbreviations  defined  in  Nomenclature. 
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1.6  Current  Study 

The  current  design  study  is  part  of  an  ongoing  research  plan  undertaken  by  the  US  Air  Force 
Research  Laboratory  (AFRL)  at  Wright-Patterson  Air  Force  Base  in  Ohio.  The  research  plan  seeks 
to  find  the  limits  of  stall-free  loading  by  exploring  and  expanding  the  current  design  space  for  low- 
pressure  turbine  airfoils  using  state-of-the-art  design  codes  and  modeling  capability.  The  previous 
research  summarized  in  Tables  1.1  and  1.2  has  used  both  computational  and  experimental  methods 
to  determine  which  type  of  LPT  blade  profile  performs  the  best  over  a  range  of  Reynolds  number 
and  relatively  low  freestream  turbulence.  The  current  transition  modeling  employed  in  this  work, 
which  allowed  the  aggressive  loading  levels  of  the  L2F,  is  also  currently  being  utilized  for  other 
platforms  [Clark  and  Koch  2006].  These  platforms  include  a  transonic  high-pressure  turbine  for 
advanced  government  cycles,  a  single-stage  high-pressure  turbine  developed  as  an  integral  part  of 
a  supersonic  UAV,  LPT  airfoils  designed  for  Notre  Dame’s  experimental  transonic  rig,  a  low  heat 
load  vane  geometry  available  for  code  validation,  and  a  high-pressure  turbine  designed  for  a  DARPA 
(Defense  Advanced  Research  Projects  Agency)  study  on  fluidic  control  with  MIT  and  Lockheed. 
What’s  missing  from  the  current  literature  is  an  answer  to  the  call  from  the  gas  turbine  industry  for 
improved  transition  modeling  to  push  the  boundaries  of  the  LPT  design  space  and  in  doing  so  create 
an  LPT  design  which  allows  the  higher  loading  while  maintaining  or  improving  the  low-Reynolds 
number  lapse  in  efficiency.  In  addition  to  the  new  LPT  design,  this  study  provides  the  optimization 
needed  for  application  of  a  shear  and  stress  sensitive  film  to  low-speed  air  flow  environments  on  a 
curved  surface,  effectively  providing  the  experimental  fluids  community  with  another  non-intrusive 
measurement  tool  which  can  provide  simultaneous  regional  maps  of  surface  pressure  and  tangential 
stress  on  a  surface.  In  summary,  the  current  study  accomplishes  the  following  goals: 

1.  Expand  gas  turbine  engine  industry’s  current  LPT  design  space  by  validating  the 
use  of  Praisner  and  Clark’s  transition  modeling  in  the  design  cycle  of  a  higher-lift 
LPT  airfoil  with  an  improved  low-Reynolds  characteristic. 

The  current  design  study  shows  a  well-behaved  LPT  with  very  high  lift  can  be  produced  without 
the  use  of  unsteady  modeling  or  flow  control.  The  experimental  validation  of  the  L2F  also 
compares  its  performance  to  the  previously-designed  Pack  B  and  L1M  over  a  range  of  Reynolds 
numbers  at  a  freestream  turbulence  level  of  3.3%.  The  aft-loaded  Zw  =  1.15  Pack  B  profile 
has  a  lower  lift  and  high  Re  lapse;  the  mid- loaded  Zw  =  1.34  L1M  has  a  high  lift  and  lower 
lapse;  the  front-loaded  Zw  =  1.59  L2F  has  an  even  higher  lift  with  better  low-Re  lapse.  For 
each  test  blade,  total  pressure  measurements  in  the  wake  define  the  midspan  loss  behavior  over 
several  chord  Reynolds  numbers.  Thermal  anemometry  allows  the  determination  of  wind  tunnel 
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freestream  turbulence  level  and  length  scale  at  the  inlet  of  the  cascade.  Its  use  also  provides 
velocity  profiles  and  turbulence  spectra  in  and  around  the  boundary  layer,  providing  a  means 
to  validate  the  transition  modeling  used  in  this  study. 

2.  Demonstrate  the  use  of  a  shear  and  stress  sensitive  film  (S3F)  for  low-speed  exper¬ 
imental  applications. 

S3F  provides  skin  friction  measurements  which  can  be  used  to  determine  separation  bubble 
physics  such  as  separation  onset  and  reattachment  for  a  range  of  Reynolds  number.  These 
locations  are  necessary  for  the  validation  of  the  transition  modeling  used  in  this  study. 

The  current  study  was  performed  in  the  Air  Force  Research  Laboratory’s  Propulsion  Directorate 
at  Wright-Patterson  Air  Force  Base  in  Ohio.  The  experimental  validation  is  accomplished  in  the 
Low-Speed  Wind  Tunnel  cascade  testing  facility  in  Building  252  on  base.  S3F  development  occurred 
in  ISSI’s  wind  tunnel  in  Dayton,  Ohio  and  in  Building  252  on  base.  This  dissertation  is  divided  into 
5  chapters  and  5  appendices.  Chapter  2  describes  the  computational  framework,  methodology,  and 
results  of  the  L2F  profile  design.  Chapter  3  contains  the  experimental  arrangement  and  techniques 
used  in  Building  252  as  well  as  the  initial  low-speed  development  of  S3F  conducted  at  ISSI.  The 
experimental  results  taken  on  base  are  presented  in  Chapter  4,  while  a  discussion  summarizing  this 
work  is  given  in  Chapter  5.  Appendix  A  contains  more  on  higher-lift  LPT  design  efforts  not  included 
in  the  introduction.  The  measurements  taken  to  characterize  the  AFRL  LSWT  turbulence  scale  and 
decay  are  presented  and  discussed  in  Appendix  B.  Appendix  C  contains  background  information 
related  to  pressure  and  skin  friction  measurement  techniques,  while  Appendix  D  describes  the  op¬ 
eration  and  data  reduction  of  the  S3F  technique.  Appendix  E  presents  an  uncertainty  analysis  for 
the  experimental  techniques  and  results  presented  in  this  study. 
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L2F  Design 

A  designer  knows  he  has  achieved  perfection  not  when  there  is  nothing  left  to  add ,  but 
when  there  is  nothing  left  to  take  away. 

-  Antoine  de  Saint-Exuptry 

As  mentioned  in  Chapter  1,  the  mature  gas  turbine  industry  concentrates  much  of  its  design 
effort  in  the  reduction  of  the  overall  cost  of  the  engine.  The  high-lift  LPT  promises  a  higher  loading 
per  blade,  providing  a  greater  amount  of  work  extracted  per  blade.  This  could  be  useful  in  higher¬ 
loading  take-off  or  climbing  flight  situations,  as  well  as  in  the  reduction  of  the  engine  cost  by  lowering 
the  required  blade  count  for  a  given  total  loading.  This  chapter  describes  the  tools  used  to  design  the 
L2F  profile,  and  compares  the  L2F  to  two  previous  designs,  the  L1M  and  the  Pack  B  low-pressure 
turbines. 


2.1  Turbine  Design  and  Analysis  System  (TDAAS) 

The  computational  system  used  to  design  and  analyze  the  LPT  profiles  is  the  Turbine  Design  and 
Analysis  System  (TDAAS)  developed  by  John  Clark  of  AFRL.  The  TDAAS  is  a  menu-driven, 
Matlab-based  turbine  development  system  which  can  optimize  both  low-  and  high-pressure  tur¬ 
bines.  This  system  incorporates  Frank  Huber’s  Huberfoil  airfoil  generation  system  together  with 
Dan  Dorney’s  Wildgrd  grid  generator  and  Wildcat  flow  solver  [Dorney  and  Davis  1992]  into  a  single 
graphical  user  interface  configured  for  Matlab.  Once  an  airfoil  (turbine  blade)  shape  is  generated, 
a  grid  is  mapped  around  the  surface  and  the  flow  solver  can  then  be  executed.  TDAAS  provides  all 
pre-processing  and  setup  as  well  as  all  post-processing  required  for  analysis. 
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2.2  Airfoil  Generation 


For  airfoils  of  equal  flow  turning,  the  percent  change  in  the  pitch-to-chord  ratio  is  approximately 
equal  to  the  percent  change  in  the  Zweifel  loading  coefficient: 


(pitch  \ 

c'*or(V  old 


(Zw)oid  {Zw) 

new 

( Zw)M 


(2.1) 


Starting  with  the  Pack  B  geometry  at  Zw  =  1.15  and  design  pitch-to-chord  of  0.885,  Equation  2.1 
was  used  to  create  the  nominal  L2F  design  at  Zw  =  1.59  resulting  in  a  pitch-to-chord  of  1.22.  This 
results  in  a  38%  increase  in  Zw  over  the  Pack  B  geometry  and  will  therefore  allow  a  38%  decrease 
in  blade  count.  All  airfoils  generated  in  this  work  have  fixed  inlet  and  exit  blade  metal  angles  to 
allow  direct  comparison. 

Using  the  design  and  optimization  capability  within  TDAAS,  the  Pack  B  geometry  was  easily 
translated  into  the  nominal  L2F  geometry.  The  Pack  B  geometry  was  previously  reverse-engineered 
to  fit  the  Huberfoil  profile  construction  [Clark  2005].  Subsequent  design  changes  were  then  re¬ 
quired  to  optimize  the  performance  of  the  new  design.  New  candidate  profiles  were  generated  using 
Frank  Huber’s  Huberfoil  airfoil  shape  generation  algorithm  which  is  internally  executed  from  within 
TDAAS.  The  airfoil  is  defined  using  6  Bezier  curves  and  13  other  shape  parameters  for  the  candidate 
profile  including:  leading-  and  trailing-edge  diameters  and  metal  angles,  axial  chord  length,  height  to 
length  ratio,  and  uncovered  turning.  The  user  can  choose  between  a  graphical  user  interface  (GUI), 
text,  or  graphical  editing  of  up  to  16  design  parameters.  The  candidate  profile  is  updated  real-time 
in  a  viewing  window  along  with  curvature,  thickness,  and  area  distributions.  These  features  are 
illustrated  in  screen  shots  of  TDAAS  for  the  Pack  B  profile  in  Figure  2.1. 


2.3  Grid  Generation 

Any  numerical  CFD  solver  needs  a  set  of  grids  over  which  the  governing  equations  are  solved. 
Dan  Dorney’s  grid  generation  program  Wildgrd  was  specifically  developed  to  create  grids  for  axial 
turbomachinery  blade  rows  for  use  with  Dorney’s  Wildcat  flow  solver  [Dorney  and  Davis  1992]. 
Several  different  grid  clusterings  and  spacings  can  be  implemented  depending  on  the  type  of  turbine 
analysis  desired,  i.e.  a  supersonic  grid  vs  a  heat  transfer  grid  vs  a  standard  LPT  grid.  All  results 
presented  herein  have  used  the  standard  LPT  grid  option  as  developed  by  John  Clark.  Wildgrd  is 
externally  executed  from  within  TDAAS  and  produces  2D  zonal  H-  and  O-grids.  The  use  of  O- 
and  H-grids  was  specifically  developed  for  the  design  of  linear  turbomachinery  cascades  using  3D 
viscous  flow  codes  [Lee  and  Knight  1989].  Dorney’s  Wildgrd  generates  algebraic  H-grids  that  are 
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(a)  GUI  selector.  (b)  Current  geometry  window. 

Figure  2.1:  Screen  shots  of  airfoil  shape  generation. 


used  upstream  of  the  leading  edge,  downstream  of  the  trailing  edge,  and  in  the  blade  passages.  The 
H-grids  are  based  on  the  airfoil  mean  camber  line.  H-grid  lines  can  be  clustered  in  both  the  axial 
and  circumferential  directions  upstream  of  the  leading  edge  and  downstream  of  the  trailing  edge. 
The  body-fitted  O-grids  are  generated  after  the  H-grids  with  an  elliptic  equation  solver  and  are  used 
to  resolve  the  viscous  flow  along  the  surface.  Wildgrd  then  solves  the  elliptic  equations  (2.2  and  2.3) 
using  a  successive  line  over- relaxation  technique  to  produce  the  orthogonal  O-grids: 


ax#  -  2 (3x£V  +  £xm  =  -J2(Px£  +  Qxv) 

(2.2) 

ay &  ~  2 f3yiv  +  (yvv  =  -  J2(P%  +  Qyv) 

(2.3) 

a  =  xi+yr) 

(2.4) 

P  =  x^xv  + 

(2.5) 

C  =  x2+y2 

(2.6) 

where  J  is  the  Jacobian  of  the  transformation  matrix  and  P  and  Q  are  functions  used  to  control 
clustering  and  orthogonality  near  walls.  The  blade-normal  direction  is  stretched  to  provide  fine  grid 
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a  aftd  H  Meshes 


Figure  2.2:  Typical  0-H  grid  mesh  for  Pack  B  profile. 

spacing  at  the  wall  with  y+  values  less  than  unity.  There  are  typically  around  7,000  grid  points  per 
blade  passage  for  the  2D  model,  and  approximately  7  grid  points  per  momentum  thickness  in  airfoil 
boundary  layers.  The  grid  densities  and  spacings  used  for  this  study  are  consistent  with  industry 
design  practices  to  capture  thermal  fields,  surface  heat  transfer,  and  transition-related  streamwise 
gradients  in  gas  turbines  (see,  e.g.  [Praisner  and  Clark  2007]).  In  addition,  two  four-point  coordinate 
sets  define  the  overlap  between  the  O-  and  H-grids.  These  sets  of  coordinates  help  define  the  inner 
and  outer  boundaries  of  the  O-H  overlap.  The  points  inside  the  overlapped  inner  boundary  of  the  H- 
grid  are  not  used  to  solve  the  governing  equations.  The  governing  equations  are  solved  on  both  grids 
in  the  region  between  the  inner  and  outer  specified  boxes,  each  box  being  defined  by  its  respective 
four-point  set  of  coordinates.  Overlap  of  the  grids  helps  ensure  stability  of  the  solution  but  can  add 
computation  time  due  to  the  calculation  of  redundant  grid  locations.  A  screen  shot  of  a  typical  O-H 
grid  mesh  around  the  Pack  B  profile  is  shown  in  Figure  2.2. 

2.4  Flow  Solver 

Wildcat  is  a  quasi-3D,  time-marching,  implicit,  zonal-grid,  unsteady  multiple  blade  row  flow  solver 
[Dorney  and  Davis  1992].  It  solves  the  full  or  thin-layer  Reynolds- Averaged  Navier-Stokes  equa¬ 
tions  by  using  a  dual-time-step,  linearized,  approximate  factored,  upwind  finite  difference  scheme. 
The  upwind  formulation,  which  inherently  possesses  dissipation  that  controls  numerical  instabilities 
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Tu  (eyx 


(a)  Separated-flow  model.  (b)  Attached-flow  model. 

Figure  2.3:  Transition  model  databases,  from  [Praisner  and  Clark  2007]. 


[Tannehill  et  al.  1997],  is  third  order  accurate  in  space  and  second  order  accurate  in  time. 

The  separated-flow  transition  model  developed  by  Praisner  and  Clark  [Praisner  and  Clark  2007] 
is  used  in  this  work  to  design  the  L2F.  It  is  an  empirically  based  model  for  RANS  solvers  intended 
for  use  in  airfoil  design  systems.  The  model  was  constructed  from  a  CFD-supplemented  database 
of  47  separated-flow  transition  with  turbulent  reattachment  experimental  cascade  test  cases.  The 
separated-flow  model  was  developed  in  conjunction  with  an  attached- flow  model  based  on  57  ex¬ 
perimental  test  cases.  Dimensional  analyses  led  to  the  appropriate  parameters  in  each  situation. 
The  separated-flow  model  is  a  correlation  relating  the  momentum  thickness  Reynolds  number  at 
separation  onset  with  the  length  of  the  separation  bubble  from  onset  to  transition  in  the  bubble’s 
shear  layer.  The  separated  model  equation  is  presented  below: 

-L-  =  CRe°_sep  (2.7) 

sep 

where  L  is  the  length  along  the  bubble  from  onset  to  transition,  Ssep  is  the  suction  surface  distance 
from  the  leading  edge  to  the  onset  of  separation,  C  =  173.0,  and  D  =  —1.227. 

The  attached-flow  model  implies  transition  onset  occurs  when  a  ratio  of  a  boundary  layer  diffusion 
time  to  a  timescale  of  local  large-eddy  turbulent  fluctuations  (integral  time  scale)  reaches  a  critical 
level.  This  relationship  can  be  cast  as  Equation  2.8  below: 

■l)°  (2-8) 

where  the  momentum  thickness  Reynolds  number  is  equal  to  the  RHS  at  transition;  in  the  model 
A  =  8.52,  B  =  —0.956,  and  Tu ,  #,  and  A  are  the  turbulence  intensity,  momentum  thickness, 
and  integral  length  scale  at  the  boundary  layer  edge  at  the  transition  location.  Data  from  the 


Ree  =  A  (  Tu 
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development  of  the  models  is  presented  in  Figure  2.3.  Validation  of  the  models  is  provided  in 
[Praisner  et  al.  2007] .  Here,  turbulent  eddy  viscosity  is  calculated  using  the  zero  equation  Baldwin- 
Lomax  algebraic  model  [Baldwin  and  Lomax  1978]. 

Running  a  transitional  case  in  Wildcat  requires  a  previously  converged  laminar  run  in  order  to 
extract  the  model  parameters  at  separation  onset  required  for  the  separated- flow  transition  model. 
Thus,  the  transition  trip  location  is  determined  based  on  laminar  predictions.  Turbulent  eddy 
viscosity  is  then  applied  after  a  short  transition  zone  of  pre-specified  length.  It  should  also  be 
noted  the  current  implementation  of  the  transition  model  is  somewhat  conservative.  The  original 
development  within  the  Pratt  &  Whitney  design  system  included  the  use  of  the  attached-flow  model 
up  to  the  point  of  separation,  the  separated-flow  model  after  separation,  and  the  use  of  an  additional 
quasi-laminar  (QL)  model  which  accounted  for  the  effects  of  freestream  turbulence  on  pre-transitional 
laminar  boundary  layers.  The  exclusion  of  the  attached-flow  and  QL  models  results  in  an  over¬ 
prediction  of  reattachment  locations,  translating  into  a  longer  bubble  length  and  an  increased  loss 
prediction  than  that  obtained  through  experiment.  The  previous  use  of  the  separated-flow  transition 
model  in  creating  the  L1M  profile  [Bons  et  al.  2005]  illustrates  this  phenomenon.  The  L1M  was 
designed  without  the  attached-flow  or  QL  modeling,  and  their  experimental  verification  found  an 
under-prediction  of  onset  and  separation  values  of  momentum  thickness  by  15%  or  more.  Regarding 
the  inverse  relationship  between  Re  and  bubble  length,  this  causes  an  over-prediction  of  the  bubble 
length  resulting  in  a  conservative  prediction;  for  Re  =  20,  000,  the  L1M  predicted  reattachment  was 
12%  chord  downstream  of  the  experimental  location. 

As  of  1997,  the  majority  of  CFD  solvers  designed  for  compressible  flows  experienced  lowered 
efficiency  or  decreased  accuracy  in  low  Mach  number  regimes  [Tannehill  et  al.  1997].  These  difficulties 
are  believed  to  be  due  to  the  stiff  matrices  of  the  ill-conditioned  algebraic  problem  and  round-off 
errors  which  are  amplified  due  to  differing  magnitudes  of  flow  variables.  As  Wildcat  is  a  compressible 
code,  simply  changing  the  Mach  number  to  survey  the  low  Reynolds  number  range  of  interest  in  this 
study  would  not  produce  converged  results.  Therefore,  an  alternate  method  of  changing  the  Reynolds 
number  was  employed.  Instead  of  changing  the  velocity  to  reduce  the  Reynolds  number,  the  density 
was  instead  modified  (and  therefore  pressure  by  the  ideal  gas  equation  of  state)  to  achieve  the  desired 
Reynolds  numbers.  The  former  approach  of  changing  the  velocity  (Mach  number)  allowed  converged 
results  down  to  a  chord  inlet  Reynolds  number  of  1.5  *  105 ,  while  the  latter  method  allowed  converged 
results  down  to  2  •  104,  a  difference  of  nearly  an  order  of  magnitude.  Pressure  fields  converge  faster 
than  entropy  fields  due  to  different  event  time  scales  associated  with  pressure  waves  and  diffusion 
[Clark  and  Grover  2006] ,  and  as  such  convergence  in  this  study  was  achieved  once  the  pressure  field 
downstream  of  the  trailing  edge  became  periodic.  Thus,  changing  the  density  and  pressure  allowed 
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Wildcat  to  converge  in  the  lower  range  of  Reynolds  number  desired  for  this  study. 

2.5  Design  of  Experiments 

After  the  nominal  L2F  profile  was  created,  further  exploration  of  the  design  space  was  required 
to  tailor  the  blade  geometry  for  optimal  performance.  The  methodology  used  to  find  the  final  L2F 
profile  is  outlined  in  the  flow  chart  of  Figure  2.4.  First,  the  nominal  design  was  constructed  according 
to  section  2.2.  Baseline  results  were  computed  from  Wildcat,  and  runs  were  then  executed  to  find 
which  of  the  19  design  variables  had  the  most  influence  on  the  desired  outcome:  a  front-loaded  design 
with  a  good  low-Reynolds  number  characteristic.  Initially,  a  Monte-Carlo  exploration  of  the  design 
space  was  employed  in  order  to  find  which  parameter  ranges  led  to  reasonable  performance.  This 
first  exploration  narrowed  the  19  variables  down  to  9,  which  included  the  leading  edge  diameter, 
leading  edge  wedge  angle,  degree  of  uncovered  turning,  leading  edge  ellipse  ratio,  and  the  5  Bezier 
curve  control  handles  LI,  L3F,  L3R,  L4,  and  L7.  In  order  to  explore  this  reduced  design  space,  a 
Matlab  Design  of  Experiments  (DOE)  algorithm  available  within  TDAAS  was  employed.  This  DOE 
algorithm  uses  the  latin  hyper  square  method  which  randomly  distributes  and  permutates  through 
the  given  variable  ranges  of  each  selected  input  variable.  The  DOE  generated  250  variations  within 
the  selected  design  space,  and  each  profile  was  examined  for  overall  loading  coefficient  (Zw),  total 
loss  (A Pt/Qin),  degree  of  front-loading  (location  of  minimum  pressure),  and  the  magnitude  and 
smoothness  of  the  adverse  pressure  gradient  along  the  suction  surface. 

Profiles  generated  by  the  DOE  include  thin  as  well  as  thick  variations,  some  more  front-loaded 
than  others  and  some  with  smoother  curvature  and  pressure  gradient  distributions.  The  exit  Mach 
number  for  these  design  runs  was  held  constant  at  0.2;  although  this  is  considered  a  high- Reynolds 
number  flow  and  our  design  intent  is  to  produce  a  well-behaved  airfoil  at  lower  Reynolds  numbers, 
this  design  philosophy  successfully  produced  a  mid- loaded  airfoil  (L1M)  which  was  reported  stall- 
free  down  to  Re  =  20,000  [Bons  et  al.  2005],  and  is  therefore  employed  in  the  current  work  with 
confidence.  Figures  2.5  and  2.6  show  examples  of  selected  shapes  generated  from  the  latin  hyper 
square  DOE.  These  figures  present  the  selected  profile  attributes  (shape  and  loading)  in  red  with 
a  blue  dotted  line  background  showcasing  the  final  L2F  for  comparison.  A  loss  parameter  defined 
as  the  integrated  change  in  total  pressure  normalized  by  the  inlet  total  pressure  is  included  in  the 
title  of  the  loading  plot;  this  loss  value  for  the  L2F  is  0.08969.  Various  selected  profiles  generated 
by  the  DOE  will  now  be  described  in  order  to  give  the  reader  an  idea  of  the  reasoning  behind  the 
L2F  selection. 

Figures  2.5(a)  and  2.5(b)  show  examples  of  thin  profiles  generated  by  the  DOE,  one  with  a  lower 
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Figure  2.4:  Design  process  flow  chart. 
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loss  and  one  with  a  higher  loss  value  compared  to  the  L2F.  Both  profiles  also  exhibit  a  more  front- 
loaded  characteristic  with  their  respective  pressure  minimums  in  front  of  the  L2F.  Profiles  such  as 
these  were  not  selected  due  to  the  non-smooth  pressure  gradient  along  the  suction  surface.  A  non¬ 
smooth  pressure  gradient  such  as  in  2.5(b)  induces  oscillating  forces  on  the  flow,  first  decelerating 
from  the  pressure  minimum  to  nearly  38%  axial  chord,  then  accelerating  as  the  pressure  gradient 
decreases  until  nearly  58%,  then  again  decelerating  the  flow  as  the  pressure  rises  to  meet  the  trailing 
edge.  In  addition,  these  profiles  induce  a  more  severe  magnitude  of  adverse  pressure  gradient  (as 
evidenced  by  the  slope  of  the  pressure  loading  curve)  which  is  known  to  cause  separations  to  occur 
in  lower  Reynolds  situations.  Therefore,  profiles  which  exhibit  a  less  degree  of  adverse  pressure 
gradient  are  favorable.  Thicker  designs,  such  as  those  in  Figures  2.5(c)  and  2.5(d),  can  allow  a 
smaller  magnitude  pressure  gradient  but  often  induce  a  greater  loss  possibly  due  to  the  increased 
flow  area  blockage.  Again,  care  must  be  taken  with  respect  to  where  the  point  of  pressure  minimum 
is  located  -  a  more  front-loaded  design  inherently  spreads  the  adverse  pressure  gradient  out  over  a 
longer  suction  surface  distance,  thus  reducing  the  likelihood  of  separation.  As  some  have  suggested 
[Dennis  et  al.  2001],  global  shape  optimizations  work  better  to  achieve  the  desired  performance 
characteristics  over  inverse  design  methods,  and  Figure  2.5(d)  may  lend  some  support  evidence  to 
this  argument.  The  loading  achieved  with  this  profile  is  very  similar  to  the  final  L2F  profile,  but 
much  more  material  is  required  for  this  blade  over  the  L2F  due  to  its  thicker  cross-section.  Keeping 
in  mind  that  an  objective  of  this  design  should  be  the  minimization  of  engine  weight,  the  L2F  is 
clearly  superior  (as  long  as  the  material  density  is  the  same  for  both  cases).  Perhaps  an  inverse 
design  method  used  in  conjunction  with  additional  DOE  or  optimization  studies  could  do  better 
than  either  alone.  Figures  2.5(e)  and  2.5(f)  show  profiles  which  are  more  front-loaded  and  have  an 
increased  height-to- length  ratio  than  the  final  L2F  design.  Again,  these  results  are  for  an  exit  Mach 
number  of  0.2,  while  a  desired  outcome  is  for  improved  low- Reynolds  performance  which  dictates 
the  adverse  pressure  gradient  be  as  small  as  possible.  Therefore,  designs  with  gradients  towards  the 
upper  end  of  the  spectrum  were  not  considered  for  the  final  design. 

Figures  2.6(a)  through  2.6(f)  show  examples  of  designs  which  are  similar  to  the  final  L2F  design. 
Again,  attention  was  paid  to  the  integrated  loss  values  as  well  as  the  pressure  minimum  peaks  and 
magnitude  and  smoothness  of  the  adverse  pressure  gradients.  These  plots,  in  particular  Figures 
2.6(b)  and  2.6(d),  show  how  very  small  changes  to  the  suction  surface  of  the  blade  can  result 
in  significant  differences  in  performance.  A  smooth  curvature  is  also  required  when  considering 
available  manufacturing  methods,  which  undoubtedly  become  increasingly  difficult  when  adding 
more  complexity  to  the  design. 


351 

Approved  for  public  release;  distribution  unlimited. 


2.5.  DESIGN  OF  EXPERIMENTS 


24 


(c)  Thick  profile. 


(d)  Thick  profile. 


Ps,ex  Dist.  =  0.01892  psia  ;  Loss  =  0.09842  % 


Design  Iteration  #  5 


Ps,ex  Dist.  =  0.01461  psia  ;  Loss  =  0.07986  % 


Design  Iteration  #  24 


(e)  Heavily  front-loaded  profile. 


(f)  Heavily  front-loaded  profile. 


Figure  2.5:  Variation  in  profiles  generated  by  DOE. 
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Design  Iteration  #  1 5 


0  0.2  0.4  0.6  0.8  1 

x/  bx 


Design  Iteration  #  92 


0  0.2  0.4  0.6  0.8  1 

x/bx 


Design  Iteration  #  123 


0  0.2  0.4  0.6  0.8  1 

x/bx 


(e) 


(f) 


Figure  2.6:  L2F-like  profiles  generated  by  DOE. 
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2.6  The  Result:  L2F 

The  design  intention  was  to  produce  a  front-loaded  LPT  with  a  nominal  Zweifel  loading  coefficient 
near  1.6.  By  tailoring  the  leading  edge  and  suction  surface  design  parameters,  the  LPT  should 
perform  better  than  the  Pack  B  LPT  in  the  low  Reynolds  flow  regime,  thus  answering  the  gas 
turbine  industry’s  call  for  a  higher-lift  LPT  with  an  improved  low-Re  characteristic.  The  latter 
portions  of  the  resulting  L2F  profile  is  presented  and  compared  to  the  Pack  B  and  L1M  geometries 
in  Figure  2.7.  The  Pack  B  profile  was  developed  by  Pratt  &  Whitney  in  the  1990s  and  has  a 
moderate  lift  (Zw  =  1.15)  and  high  Re-lapse;  the  L1M  blade  developed  by  Clark  and  Koch  in  2005 
has  lower  Re-lapse  while  producing  higher  lift  (Zw  =  1.34),  allowing  a  17%  decrease  in  blade  count 
and  weight;  the  L2F  profile  designed  herein  has  a  lower  Re-lapse  at  an  even  higher  lift  (Zw  =  1.59), 
which  allows  a  38%  reduction  in  blade  count  and  weight.  Again,  the  blade  metal  angles  were  held 
fixed  to  allow  direct  comparison  of  results.  Figure  2.7  also  gives  the  reader  an  idea  of  the  different 
blade  spacings  achieved  with  the  advanced  blades. 


Pack  B 
P&W  1990s 
Moderate  lift  (1,15) 
High  Re- 1  apse 

L1M 

Clark/Koch  2005 
High  lift  (1.34) 

17%  |  blades  (weight) 
Lower  Re-lapse 

L2F 

McGuilling  2006 
Very  high  lift  (1,59) 
38%  J  blades  (weight) 
Lower  Re-lapse 


Figure  2.7:  Geometric  comparison  of  Pack  B,  L1M,  and  L2F  profiles. 
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Figure  2.8:  Coefficient  of  Pressure  for  Pack  B,  L1M,  and  L2F. 

As  mentioned  in  the  introduction,  Curtis  et  al.  suggested  two  important  characteristics  of  an 
LPT  suction  surface  that  we  should  consider  during  the  design  cycle:  the  location  of  the  pressure 
minimum  and  the  magnitude  of  adverse  pressure  gradient  along  the  suction  surface.  Figure  2.8 
presents  Wildcat’s  transitional  predictions  of  the  coefficient  of  pressure  distributions  for  the  Pack 
B,  L1M,  and  L2F  profiles  over  various  values  of  Re.  This  figure  plots  the  difference  between  the 
local  surface  pressure  and  total  inlet  pressure,  normalized  by  the  inlet  dynamic  pressure,  and  is 
plotted  with  the  classical  inverse  y-axis  so  the  suction  surface  is  on  top.  The  Pack  B,  L1M,  and 
L2F  axial  chord  locations  of  pressure  minimums  are  62%,  48%,  and  27%,  respectively.  Although  not 
calculated,  the  magnitude  of  pressure  gradient  along  the  suction  surface  (slope  of  Cp  curve)  can  also 
be  seen  in  Figure  2.8,  and  shows  that  pushing  the  loading  towards  the  leading  edge  allows  a  milder 
distribution  of  adverse  pressure  gradient  along  the  suction  surface  by  spreading  out  the  total  pressure 
change  from  the  pressure  minimum  to  the  trailing  edge  over  a  greater  distance.  Therefore,  front- 
loaded  designs  are  more  intrinsically  separation-resistant  due  to  the  redcution  of  the  adverse  pressure 
gradient,  which  is  known  to  be  a  primary  factor  in  generating  separation  zones.  It  is  interesting 
to  note  these  pressure  distributions  do  not  exhibit  the  pressure  plateau  commonly  associated  with 
separation  bubbles.  We’ll  see  later  that  these  flows  are  in  fact  separated,  but  may  have  very  thin 
separation  bubbles. 
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2.7  Chapter  Summary 

Chapter  2  presented  the  computational  design  of  the  L2F  airfoil.  The  Turbine  Design  and  Analysis 
System  in  use  at  AFRL  was  outlined,  including  airfoil  and  grid  generation,  the  Wildcat  RANS  flow 
solver,  and  the  transition  modeling  developed  by  [Praisner  and  Clark  2007].  The  two  models,  one 
for  attached-flow  and  one  for  separated- flow  transition,  were  intended  for  use  in  RANS-based  airfoil 
design  systems  and  were  created  by  examining  47  experimental  test  cases  of  separated-flow  transition 
with  turbulent  reattachment  and  57  cases  of  attached-flow  transition.  Dimensional  analyses  led  to 
the  appropriate  model  representations,  where  the  separated-flow  model  predicts  the  length  along  the 
separation  bubble  from  separation  onset  to  transition,  and  the  attached-flow  model  defines  the  ratio 
of  a  boundary  layer  diffusion  time  to  a  local  turbulent  timescale  which  must  match  a  critical  level 
for  transition  to  occur.  The  L2F  design  of  experiments  implemented  a  latin-hyper  square  method 
which  randomly  permutated  through  the  design  variables  to  create  250  variations  of  the  design 
space.  These  variations  included  thick  and  thin  designs  with  various  degrees  of  front-loading  and 
adverse  pressure  gradient.  It  was  also  shown  how  inverse  design  methods  may  possibly  miss  optimal 
designs,  as  thicker  designs  achieved  similar  pressure  distributions  as  the  final  L2F,  but  with  much 
more  material  these  thicker  designs  were  not  chosen  due  to  the  requirement  for  reduced  weight.  The 
final  L2F  design  was  not  chosen  from  the  generated  250  variations;  these  variations  instead  provided 
insight  into  which  levels  of  design  variables  produced  the  intended  design:  a  high-lift  front-loaded 
airfoil  which  performed  well  in  the  low  Reynolds  regime.  The  final  design  therefore  became  a  mix 
of  those  generated  by  the  DOE,  resulting  in  a  nominal  Zw  =  1.59  airfoil  with  its  suction  peak  at 
27%  axial  chord.  This  front-loaded  profile  provided  a  38%  increase  in  Zweifel  loading  coefficient, 
representing  a  38%  reduction  in  blade  count  over  an  airfoil  typical  of  those  in  service  today  (e.g., 
the  Pack  B).  This  increase  in  lift  also  came  with  an  improved  Reynolds  lapse  characteristic  which 
promises  longer  loiter  times,  a  higher  altitude  flight  ceiling,  and  reduced  fuel  consumption,  all  of 
which  decrease  the  total  cost  of  the  gas  turbine  engine  over  its  life  cycle. 
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Experimental  Arrangement 

The  satisfaction  derived  from  solving  a  problem  with  an  experiment  is  a  very  heady 
experience,  almost  addicting. 

-  Paul  Berg 

Several  experimental  measurement  techniques  are  used  in  this  work  in  order  to  validate  L1M 
and  L2F  airfoil  performance  as  well  as  verify  the  transition  modeling  used  in  the  design  process. 
All  results  presented  in  Chapter  4  were  taken  in  AFRL’s  Low-Speed  Wind  Tunnel  (LSWT)  facility 
in  Building  252  at  Wright-Patterson  Air  Force  Base  in  Ohio.  This  chapter  briefly  describes  this 
facility  along  with  the  experimental  techniques  employed.  In  order  to  generate  approximately  3.3% 
freestream  turbulence  intensity  at  the  test  section,  a  turbulence-generating  grid  was  placed  upstream 
of  the  test  section.  Appendix  B  describes  the  measurements  taken  in  order  to  characterize  the 
turbulence  decay  and  length  scale  generated  by  the  upstream  grid.  In  addition,  this  chapter  contains 
the  initial  development  of  the  S3F  technology  accomplished  in  the  Innovative  Scientific  Solutions, 
Inc.  wind  tunnel  in  Dayton,  Ohio.  This  initial  development  helped  set  the  framework  for  S3F 
application  in  low-speed  air  flow  tests  on  a  curved  surface. 

3.1  Low-Speed  Wind  Tunnel 

The  AFRL  Low-Speed  Wind  Tunnel  (LSWT)  is  inductively  driven  by  a  125-hp  electric  motor  pow¬ 
ering  an  axial  flow  fan  located  downstream  of  the  0.85m  tall  by  1.22m  wide  test  section.  The  test 
section  is  constructed  of  clear  polycarbonate  (Lexan)  for  optical  access  and  is  arranged  to  allow 
quick  interchange  of  test  cascades.  This  configuration  can  produce  air  inlet  velocities  up  to  80  m/s. 
Honeycomb  flow  straighteners  follow  the  3.0m  by  2.7m  rectangular  bell- mouth  inlet  with  a  gradual 
8:1  area  contraction  which  produces  a  uniform,  low-turbulence  velocity  profile  at  the  cascade  test 
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(a)  Full  view. 


From  Bell  Mouth 


Blade  8 


Test  Blade 


End  blades 


Turbulence  Generator 


(b)  Test  section  top  view,  Pack  B  cascade. 


Figure  3.1:  AFRL’s  Low-Speed  Wind  Tunnel. 


section  inlet.  Figure  3.1(a)  shows  the  full  view  of  the  AFRL  LSWT  tunnel  while  Figure  3.1(b)  shows 
the  top  view  of  the  test  section  for  the  Pack  B  cascade  with  8  blades.  The  test  section  is  constructed 
to  accommodate  interchangeable  packs  of  blades  which  can  slide  into  and  out  of  the  main  section, 
and  it  contains  adjustable  tailboards  to  set  proper  periodicity.  These  tailboards  can  be  slid  toward 
or  away  from  the  cascade  and  can  be  angled  to  accommodate  various  inlet  and  exit  angles.  The  L1M 
and  L2F  cascades  were  fitted  with  7  blades  to  achieve  periodicity,  and  the  axial  chords  of  the  airfoils 
were  7in  and  6in,  respectively.  Both  airfoils  have  a  0.876m  span  with  an  inlet  gas  angle  of  35  degrees 
and  an  exit  gas  angle  of  60  degrees.  A  turbulence-generating  grid  can  be  placed  2.3m  upstream  of 
the  test  blade  leading  edge  in  order  to  generate  3.3%  freestream  turbulence  at  the  cascade  inlet. 
The  grid  is  a  square-mesh  array  of  2.54cm  diameter  tubes  spaced  7.6cm  apart,  producing  unsteady 
uniformity  of  ±0.3%.  Over  the  Reynolds  number  range  from  25,000  to  75,000,  the  grid  produces 
an  integral  length  scale  between  3.51  and  4.19cm,  a  Taylor  microscale  between  0.38  and  0.81cm, 
and  a  Kolmogorov  length  scale  between  0.08  and  0.05cm  at  the  entrance  to  the  cascade.  Details  of 
the  turbulence  characterization  can  be  found  in  Appendix  B.  Upstream  flow  diagnostics  include  a 
thermocouple  for  inlet  temperature,  an  inlet  hot-wire  to  determine  the  test  Reynolds  number,  and 
a  pitot-static  reference  probe.  There  are  also  four  1.5m  long  traverse  slots  located  atop  the  cascade 
both  upstream  and  downstream  of  the  linear  cascade.  A  three-axis  traverse  can  be  placed  atop  the 
tunnel  to  measure  a  planar  section  of  the  wind  tunnel  through  these  slots;  its  position  is  accurate  to 
within  ±0.5mm.  A  smaller  3-axis  traverse  can  be  placed  inside  the  tunnel  and  is  accurate  to  within 
±0.01mm;  this  smaller  traverse  is  used  to  position  the  hot-film  probe  in  the  boundary  layer.  Loss 
coefficients  across  the  the  wake  of  a  cascade  are  measured  with  a  Kiel  probe  containing  a  1.5mm 
diameter  sensor  head  plumbed  to  a  differential  pressure  transducer  with  range  of  -0.2  to  0.8  inches 
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of  water  (-50  to  200  Pa). 


3.2  Techniques  and  Data  Processing 

The  standard  flow  diagnostic  capability  used  in  the  AFRL  LSWT  includes  pressure  probes,  hot-wire 
anemometry,  and  particle  image  velocimetry.  An  instrumentation  demonstration  was  also  conducted 
using  a  shear  and  stress  sensitive  film  (S3F)  developed  by  Innovative  Scientific  Solutions,  Inc. 


3.2.1  Pressure  Measurement 


Pressure  probe  measurements  give  the  pressure  at  a  single  point  in  the  wake  of  the  turbine  blades. 
All  pressure  data  was  taken  at  1kHz  for  30,000  samples  with  a  5s  settling  time  in  between  successive 
measurements.  The  pressure  probe  setup  uses  a  Druck  LPM5481  differential  transducer  with  a  range 
of  -0.2  to  0.8  in  of  water  (-50  to  200  Pa)  with  output  of  0  to  5  Volts,  powered  by  a  GW  Instek  GPS 
3303  3-channel  DC  power  supply.  The  pressure  data  is  digitized  and  transferred  to  a  PC  through  an 
8-slot  National  Instruments  PXI-1010  chassis  with  16-bit  A/D  conversion;  the  chassis  supports  both 
PXI  and  SCXI  connections.  The  probe  is  traversed  across  the  wake  in  order  to  quantify  the  losses 
caused  by  the  airfoil.  Loss  is  generally  defined  as  the  deficiency  in  total  pressure  between  the  exit 
and  inlet.  As  the  instruments  used  herein  offer  differential  pressure  data,  the  following  definitions 
are  used  to  define  area- averaged  and  flux-  or  mass-averaged  losses: 


L  flux  — 


Pare* 

E^e 


(Pt,m  Pt,ex) 
(Pt,m  Ps,in) 

(Pt,m  Pt,ex)i\/ 


(P t,in  P s  ,in) 

The  wake  loss  measurements  are  compared  to  predictions  from  Wildcat  in  Chapter  4. 


(3.1) 

(3.2) 


3.2.2  Thermal  Anemometry 

Thermal  anemometry  is  a  point  velocity  measurement  commonly  used  in  contaminant- free,  nearly 
isothermal  gas  flows  where  the  mean  velocities  and  turbulence  intensities  are  not  extremely  high 
[Bernard  and  Wallace  2002].  The  physical  principle  used  by  hot-wire  anemometry  is  that  the  rate 
of  cooling  experienced  by  a  thin  heated  wire  can  be  nonlinearly  related  to  the  local  flow  velocity 
through  King’s  Law.  The  algorithm  which  uses  King’s  Law  in  this  study  to  convert  hot-wire  signals 
to  velocity  has  been  developed  over  many  years  at  WPAFB  and  is  different  from  the  four-constant 
model  presented  in  [Bernard  and  Wallace  2002].  Therefore,  it  is  described  in  more  detail  here.  First, 
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the  temperature  of  the  wire,  Twire  [K],  is  calculated  using  the  sensor  operating  resistance,  Rop  [fi], 
resistance  at  0°C,  Ro  [Q],  and  difference  in  resistances  between  100  and  0  °C,  Thoo-o  [&]'- 

Twire  =  -  —  x  100  +  273.15  (3.3) 

TlOO-O 

The  mean  sensor  film  temperature,  Tm  [K],  is  then  calculated  using  Twire  and  the  freestream  tem¬ 
perature,  [K],  as  measured  by  an  upstream  thermocouple: 


T  — 

rn  — 


+  ^ 


(3.4) 


Next  the  density  of  air,  p  [^y],  dynamic  viscosity,  p  [T^-],  thermal  conductivity,  k  [^T],  and 
Prandtl  number,  Pr,  are  calculated  using  Tm,  the  atmospheric  pressure  read  by  a  local  barometer, 
and  the  dew-point  temperature  read  with  a  hand-held  hygrometer  made  by  Control  Company.  The 
power  dissipated  by  the  wire  is  then  calculated  according  to  Equation  3.5: 


power  =  volt 2  x 


R, 


op 


(- Rop  + 10)2 


(3.5) 


where  volt  is  the  voltage  reading  from  the  anemometer.  The  local  Nusselt  and  Reynolds  numbers 
are  then  calculated  according  to  Equations  3.6  and  3.7,  respectively: 


Nu  = 


,  ^  ^  Tm  ^TempPow Ratio  ^  pp—l/3 

X  Lwire  xkx  (Twire  To) 

fNu-c^\{1/Reex,,,) 


(3.6) 

(3.7) 


where  TempPowRatio  is  a  factory-set  value  used  to  account  for  differences  between  calibration 
and  operation  temperatures,  Lwire  is  the  length  of  the  sensor,  Cint  and  Dsiope  are  the  calibration 
constants  of  the  sensor,  and  Reexp  is  the  experimentally  determined  Reynolds  number  of  the  bulk 
fluid  flow.  Finally,  the  local  flow  velocity,  V el  [m/s],  is  determined  from  Equation  3.8: 

Re 


Vel  = 


( P  x  dwire)/ p 


(3.8) 


where  dwire  [m]  is  the  diameter  of  the  sensor.  The  local  flow  temperature,  Tfiow  [K],  can  also  be 
calculated  with  Equation  3.9: 


TfloW—  iW^y  (3*^) 

{{\pVePTP)/Py1  1)/7 

When  using  the  X-wire,  a  distinct  calibration  technique  is  employed  in  order  to  gain  the  additional 
velocity  component.  First,  the  probe  is  calibrated  over  the  full  range  of  velocity  at  zero  degrees  inci¬ 
dence  with  the  probe  wires  angled  approximately  45°  to  the  flow.  Next,  the  probe  is  rotated  through 
±30°  yaw  for  high,  medium,  and  low  velocities  in  order  to  construct  interpolation  curves  which  ef¬ 
fectively  produce  a  calibrated  response  good  over  ±30°  yaw  for  the  second  velocity  component.  An 
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8-channel  IFA  300  constant  temperature  anemometer  made  by  TSI  controls  the  sensor  and  supplies 
the  voltage  data  to  a  PC  through  the  NI  PXI-1010  chassis  with  16-bit  A/D  conversion.  Two  separate 
sensors  are  used  with  the  anemometer,  a  single  normal  hot-film  (model  1211-20)  and  a  cross-flow 
X-wire  hot-film  (model  1240-20),  both  manufactured  by  TSI.  The  hot-film  sensors  are  3.2mm  in 
length  and  0.5mm  in  diameter  and  consist  of  a  thin  film  of  platinum  on  a  quartz  cylinder  which 
does  not  lengthen  or  bend  when  heated.  Data  with  the  single  normal  hot-film  was  taken  at  50kHz 
for  250,000  samples  while  data  with  the  x-wire  was  taken  at  2kHz  for  40,000  samples.  These  sensors 
are  used  to  obtain  turbulence  spectra  in  the  wind  tunnel,  flow  characteristics  in  the  boundary  layer, 
and  flux- aver  aged  loss  coefficients  over  the  wake  of  the  linear  cascade.  Bons  et  al.  have  previously 
used  hot-film  anemometry  to  describe  the  turbulent  character  of  separated  flow  above  the  Pack  B 
and  L1M  blade  profiles  [Reimann  et  al.  2006],  providing  information  such  as  locations  of  separation 
onset,  transition  onset  and  length,  turbulent  reattachment,  and  intermittency  (percentage  of  time 
the  flow  is  turbulent).  An  intermittency  of  one  denotes  a  turbulent  flow  while  an  intermittency  of 
zero  indicates  a  laminar  flow.  The  intermittency  algorithm  developed  by  Clark  [Clark  et  al.  1994a] 
is  employed  in  this  work. 

The  Clark  intermittency  algorithm  was  developed  for  surface-mounted  heat-flux  gauges  in  order 
to  track  the  leading  and  trailing  edges  of  passing  turbulent  spots,  and  uses  the  first  derivative  of  the 
time-resolved,  measured  quantity  of  interest  with  weighting  and  criterion  functions  as  turbulence 
discriminators.  Although  this  algorithm  was  not  developed  specifically  for  anemometry  signals,  it  is 
expected  to  work  equally  as  well  away  from  the  wall  since  the  algorithm  operates  on  signal  derivatives 
which  are  indicative  of  transitional  activity  both  on  and  away  from  the  wall.  The  discriminator 
function  is  defined  as: 

Di  =  mi(q'i)2  (3.10) 

where  q  is  the  measurement  signal  (velocity  in  this  case)  and  m  is  the  relative  signal  magnitude 
defined  by: 

Qi  Qmin 

ml  =  - — - 

Qmax  Qmin 

The  first  derivative  q'  is  found  from  the  central  difference  formula: 


(3.11) 


Q 


r 

i 


Qi+ 1  Qi— 1 

2 h 


(3.12) 


The  original  implementation  used  the  sampling  period  for  h\  here,  h  is  chosen  as  the  time  step 
in  between  data  points.  The  criterion  function  Cr  is  an  exponentially- weighted,  centered  moving- 
average  based  on  the  detector  function: 


j=i+(rs/h ) 


Cr4 


1  +  ( rs/h ) 


X  wiDi 


j=i-(rs/h) 


(3.13) 
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where  Wj  is  the  weighting  factor  defined  by: 

(  0.625,.  A 

wj  =  exp  \-yjh  b  -  A)  (3-14) 

Here,  rs  is  the  smoothing  period,  and  was  originally  set  to  10  fis  based  on  the  smallest  detectable 
turbulent  spot  as  determined  by  the  upper  limit  of  the  bandwidth  of  the  heat-flux  instrumentation. 
In  this  study,  rs  is  set  to  an  integer  multiple  of  the  time  step  in  order  to  maintain  proper  indices  in 
the  summation  of  the  criterion  function;  this  integer  is  chosen  to  select  the  number  of  surrounding 
data  points  used  for  the  summation.  Intermittency  is  determined  by  evaluating  the  criterion  func¬ 
tion  against  an  appropriate  threshold  found  by  a  trial  and  error  approach.  Table  3.1  presents  the 
parameters  used  for  intermittency  calculation  following  Clark’s  algorithm,  where  n  is  the  smoothing 
period  integer,  rs  =  nAt,  and  CT  is  the  Clark  intermittency  threshold. 


Table  3.1:  Clark  intermittency  algorithm  parameters. 


L1M 

L2F 

Re 

25 

50 

75 

25 

50 

75 

n 

9 

9 

9 

9 

9 

9 

CT 

9.40e-5 

1.95e-4 

2.75e-4 

1.25e-4 

3.25e-4 

3.75e-4 

There  is  some  subjectivity  in  selecting  these  parameters.  In  the  present  work,  three  guiding 
principles  were  used  as  follows,  in  order  of  consideration: 

1.  Maintain  the  maximum  intermittency  at  the  wall  in  the  downstream  portion  of  the  blade, 
subsequent  to  the  establishment  of  fully  turbulent  flow. 

2.  Maintain  an  intermittency  value  less  than  0.02  at  the  wall  in  the  upstream,  pre-transitional 
portion  of  the  blade. 

3.  Maintain  an  intermittency  value  less  than  0.02  in  the  freestream  over  the  entire  blade. 

The  guiding  philosophy  was  to  select  a  set  of  parameters  which  forced  the  intermittency  to  be  less 
than  0.02  in  the  freestream  and  upstream  of  the  transition  location  near  the  wall,  while  producing 
the  highest  possible  intermittency  downstream  of  transition.  In  fact,  a  range  of  parameters  in  the 
neighborhood  of  those  in  Table  3.1  produced  somewhat  consistent  results,  as  shown  in  Figure  3.2(a) 
for  the  L2F  airfoil  near- wall  values  at  Re  =  25 k  with  n  =  5.  The  figure  legend  contains  various 
values  for  the  intermittency  threshold  which  show  how  a  certain  range,  here  between  1.5e  —  4  and 
5e  —  5,  produces  a  similar  intermittency  shape.  The  sudden  increase  in  intermittency  near  55%  of 
the  suction  surface  length  (SSL)  signals  transition  has  occurred,  and  this  trend  was  sought  after 
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(a)  Parameter  selection,  L2F  Re  =  25 k,n  =  5. 
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(b)  Sample  locations,  L2F  Re  =  75 k. 
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(c)  Velocity  traces,  L2F  Re  =  75k. 

Figure  3.2:  Example  of  Clark  intermittency  algorithm. 
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for  each  test  case.  The  smoothing  integer  n  was  selected  equal  to  9  in  every  case;  as  n  increases 
the  intermittency  obviously  increases,  but  it  was  found  to  be  a  good  fit  for  highest  possible  inter- 
mittency  after  the  sudden  increase  while  maintaining  low  intermittency  before  the  sudden  increase. 
Clark’s  intermittency  algorithm  was  used  in  this  manner  with  confidence  since  a  definite  spike  in 
intermittency  occurred  for  all  cases  which  produced  a  region  which  was  shaped  as  expected.  Visual 
inspection  of  data  signals  also  gave  confidence  in  the  algorithm.  An  example  sequence  of  velocity 
trace  signals  is  presented  in  Figure  3.2(c)  for  the  locations  marked  by  white  circles  in  Figure  3.2(b) 
of  intermittency  for  the  L2F  airfoil  at  Re  =  75 k;  these  locations  are  4.8mm  (3%  chord)  up  from  the 
surface.  In  Figure  3.2(c),  the  first  profile  at  the  top  corresponds  to  37.6%SSL  and  each  successive 
profile  is  plotted  until  the  bottom  profile  at  90.4%SSL.  By  the  7th  location  (52.6%SSL)  there  is 
evidence  of  turbulent  bursts  when  the  intermittency  in  Figure  3.2(b)  begins  to  ramp  up.  Continuing 
downstream,  the  random  bursts  increase  in  frequency  until  the  flow  is  more  turbulent  than  not,  as 
indicated  in  Figure  3.2(b)  as  well.  It  is  therefore  believed  that  Clark’s  algorithm  works  well  for 
determining  the  intermittency  away  from  the  wall,  and  intermittency  results  produced  from  this 
algorithm  will  be  presented  later  in  Chapter  4. 

Higher-order  turbulence  statistics  including  the  skew  and  kurtosis  of  the  fluctuating  velocity  have 
also  previously  been  used  to  identify  the  turbulent  nature  of  a  flow,  and  are  calculated  according  to 
Equations  3.15  and  3.16  (from  [Bernard  and  Wallace  2002]): 


skew  = 


u'3 

(^2)3/2 


(3.15) 


u' 4 

kurtosis  =  - —  (3.16) 

(u/2)2  V  ' 

These  quantities  have  previously  been  used  by  [Reimann  et  al.  2006]  and  others  to  help  identify 
regions  of  separated  and  transitional  flow.  In  particular,  Bons’  group  identified  regions  of  reversed 
flow  with  negative  skew,  and  regions  containing  both  negative  skew  and  positive  kurtosis  with 
those  undergoing  transitional  events.  This  logic  will  be  used  in  the  current  results  of  Chapter  4.  In 
addition,  a  parameter  using  the  velocities  at  the  edge  of  the  boundary  layer  will  be  used  to  determine 
the  acceleration  throughout  the  passage  above  the  turbine  blades.  The  acceleration  parameter,  K , 
is  presented  as  Equation  3.17  below: 


v  dUe 
UjdSSL 


(3.17) 


where  v  is  the  kinematic  viscosity,  Ue  is  the  velocity  at  the  boundary  layer  edge,  and  dSSL  is  the 
change  in  streamwise  distance  across  the  suction  surface.  Using  experimental  data,  the  derivative 
is  calculated  with  a  2nd  order  central  difference  using  the  change  in  suction  surface  length  as  the 
distance  variable. 
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In  order  to  position  the  hot-film  probe  accurately  in  the  boundary  layer,  a  Matlab  code  was 
written  which  takes  into  account  the  test  section  geometry,  the  cascade  position  within  the  test 
section,  the  airfoil  surface  geometries,  and  the  probe  and  stand  positions.  This  code  outputs  coor¬ 
dinates  of  surface-normal  test  points  in  the  boundary  layer  for  any  suction  surface  location  which 
can  be  directly  input  into  the  traverse  control  for  data  acquisition.  Figure  3.3  shows  the  selected 


(a)  L1M.  (b)  L2F. 

Figure  3.3:  L1M  and  L2F  boundary  profile  locations. 


(a)  Probe,  stand,  and  LPTs. 


Figure  3.4:  Method  for  determining  attainable  profile  locations. 


profile  locations  for  each  blade.  These  locations  were  selected  based  on  the  traverse  and  probe  range 
of  motion.  The  L1M  is  surveyed  from  22.5  to  89.5%SSL,  while  the  L2F  is  surveyed  from  19.9  to 
90.4%SSL.  The  profile  locations  were  selected  based  on  a  200pt  coordinate  set  for  each  blade  and  a 
streamwise  spacing  of  approximately  2.5%SSL.  L2F  profiles  contain  50  evenly  distributed  surface- 
normal  points  from  1mm  to  20mm  up  from  the  surface  where  possible;  the  L1M  profiles  contain  from 
50  locations  to  184  locations,  each  assigned  based  on  initial  findings  of  boundary  layer  behavior  in 
order  to  resolve  the  boundary  layer  height.  In  order  to  position  the  hot-film  probe  around  the  curva- 
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ture  of  each  blade,  a  90  degree  bend  adaptor  was  required  between  the  probe  holder  and  the  probe. 
Figure  3.4  illustrates  the  process  used  to  determine  which  profile  locations  were  accessible  in  and 
around  the  test  section  using  this  adaptor.  Figure  3.4(a)  depicts  the  probe  with  90  degree  adaptor 
and  probe  holder,  probe  stand,  and  3  relevant  LPT  blades  for  the  L1M  cascade.  The  probe  device 
could  be  translated  to  any  profile  location  in  order  to  ensure  none  of  the  device  conflicted  with  blade 
surfaces.  Figure  3.4(b)  shows  an  example  of  an  outer  location  of  a  profile  which  is  unattainable 
due  to  interference  from  the  adjacent  blade,  while  Figure  3.4(c)  shows  an  acceptable  location.  The 
locations  where  data  can  not  be  obtained  with  this  setup  show  up  as  void  spots  in  contour  maps 
such  as  those  presented  later  in  Figure  4.2. 

The  production  of  mean  velocity  profiles  from  thermal  anemometry  also  allows  shape  comparison 
for  laminar  and  turbulent  similarity  using  boundary  layer  similarity  laws  selected  from  [White  2006] . 
In  this  work  laminar  profiles  are  considered  those  with  a  maximum  intermittency  value  less  than 
0.02,  even  though  the  inlet  freestream  turbulence  is  3.3%.  The  laminar  profiles  will  be  compared  to 
Falkner-Skan  wedge  flows,  which  are  a  single  parameter  family  of  non-separating  flows  which  solve 
the  equation: 

/'"  +  //"  +  m  -  f2)  =0  (3.18) 


where  /'  =  u/Uedge  and 


with  boundary  conditions 


P 


2m 
m  +  1 


/( 0)  =  /'( 0)  =  0  /'  (oo)  =  1 


(3.19) 


(3.20) 


The  parameter  (3  is  a  measure  of  the  pressure  gradient,  and  is  positive  for  favorable  gradients  and 
negative  for  adverse  gradients.  This  parameter  is  equal  to  zero  for  Blasius  flow  and  has  a  limit 
of  -0.19884  just  prior  to  separation;  thus  the  f3  parameter  is  a  measure  of  the  deviation  from  flat- 
plate  Blasius  flow.  Profiles  are  normally  plotted  with  f  on  the  ordinate  axis  and  the  dimensionless 
variable  r]  on  the  abscissa: 


I  m  +  1  Uedge  ,  \ 

"=s\i^ — w  <3-2i> 

Turbulent  profiles  are  analyzed  for  similarity  by  iterating  upon  the  surface  shear,  rw,  which  produces 
similar  shapes.  In  this  work  turbulent  profiles  are  compared  to  the  linear-law,  the  log-law,  Spalding’s 
law  of  the  wall,  and  Clauser’s  similarity  law  [Clauser  1954]  with  Coles’  addition  of  the  “PI”  term 
which  accounts  for  pressure  gradients  [Coles  1956],  hereafter  referred  to  as  Coles’  law  of  the  wake. 
All  of  these  turbulent  similarity  were  developed  for  fully  developed  turbulent  flows,  and  all  except 
Coles’  law  were  intended  for  use  under  zero  pressure  gradient.  These  comparisons  require  the 
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transformation  of  velocity  and  surface-normal  location  into  the  wall  coordinates  given  below: 


4-  'Umean  4- 

ir  =  -  i/  =  - 

V*  V 


(3.22) 


where  v*  is  the  friction  velocity  defined  as: 


(3.23) 


with  rw  being  the  wall  shear  stress  and  p  the  density  of  the  fluid.  The  linear  law,  given  by 


u+  =  y+ 


(3.24) 


is  typically  applicable  for  y+  <  5  and  governs  the  region  where  viscous  (molecular)  shear  dominates 
the  flow  field  near  the  wall.  The  log- law  is  given  by: 


vG  =  —  ln(y+)  +  B 


(3.25) 


where  k,  is  the  von  Karman  constant  equal  to  0.41  and  B  is  set  equal  to  5.0.  The  log-law  region 
governs  the  overlap  area  of  the  flow  where  turbulent  shear  begins  to  dominate  over  molecular  shear, 
and  is  normally  applicable  in  the  range  35  <  y+  <  350.  The  third  turbulent  similarity  comparison 
used  in  this  work  is  Spalding’s  law  of  the  wall  given  by: 


u+  +  e~KB 


KU  1 


(ku+) 


+  ^2 


(ku+)3~ 

6 


(3.26) 


This  similarity  law  used  fully-developed  turbulent  pipe  flow  through  its  development,  and  is  normally 
applied  from  the  wall  into  the  outer  layer  defined  as  y+  >  300.  The  final  turbulent  similarity  profile 
used  in  this  work  is  Coles’  law  of  the  wake,  given  by  Equation  3.27: 


U+  =  —ln(y+)  +  B  +  — /  ( |) 
K  K,  \0  J 


(3.27) 


where  PI  is  the  term  which  accounts  for  the  pressure  gradient,  and  S  is  the  boundary  layer  thickness. 
The  last  term  includes  a  function  of  surface  normal  height  approximated  by: 

2  /?/\  3 


(3.28) 


This  function  produces  the  ’S’  shape  experienced  by  turbulent  boundary  layer  profiles  under  the 
influence  of  an  adverse  pressure  gradient.  Since  the  wall  shear  must  be  iterated  upon  to  match  these 
profiles,  and  this  wall  shear  determines  the  wall  coordinates  used  for  all  turbulent  comparisons,  all 
will  be  compared  using  the  current  data  sets  in  case  the  data  falls  into  one  or  more  of  the  applicable 
ranges. 
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Figure  3.5:  PIV  setup  with  laser  arm. 

3.2.3  Particle  Image  Velocimetry 

Particle  image  velocimetry  (PIV)  is  a  two-dimensional  velocity  measurement  technique  which  uses 
the  light  scattering  property  of  small  tracer  particles  injected  into  a  flow.  The  seed  particles  should 
be  small  enough  (on  the  order  of  microns)  to  follow  the  flow  without  disturbing  it,  and  are  illuminated 
with  a  laser  as  they  pass  through  the  flow  plane  of  interest.  The  scattered  light  in  the  2D  plane  is 
recorded  by  a  CCD  camera,  and  computer  algorithms  correlate  the  scattered  patterns  between  two 
back-to-back  images.  The  correlation  produces  the  distance  traveled  of  each  scattered  light  group 
between  the  images,  and  knowing  the  time  in  between  successive  images  produces  the  vector  velocity 
field  in  a  2D  plane  of  the  flowfield.  A  more  detailed  description  of  the  PIV  technique  can  be  found 
in  [Raffel  et  al.  1998].  The  PIV  system  in  building  252  uses  a  120mJ  Solo  120XT  PIV  Nd:YAG 
laser  from  New  Wave  Research  together  with  a  Rosco  4500  fog  generator  which  creates  particles  on 
the  order  of  a  few  microns  in  diameter  out  of  propylene  glycol  seeding  material.  The  laser  sheet  is 
constructed  using  a  spherical  then  cylindrical  lens  setup  and  is  directed  into  the  test  section  using  a 
laser  arm  from  Dantec.  The  image  is  recorded  with  a  Mbit  PCO.1600  CCD  camera  with  1200x1600 
pixel  resolution,  and  data  reduction  is  carried  out  using  DPIV  software  from  ISSI.  Figure  3.5  shows 
the  PIV  setup  for  the  leading  edge  of  the  L2F  cascade  with  the  laser  arm  and  optics.  In  this  work, 
PIV  data  is  only  used  to  verify  the  boundary  layer  height  obtained  from  the  single  normal  hot-film 
results. 
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3.2.4  Shear  and  Stress  Sensitive  Film  (S3F) 

The  shear  and  stress  sensitive  film  (S3F)  provides  regional  surface  maps  of  tangential  shear  and 
normal  pressure  in  a  single  measurement,  and  is  a  new  addition  to  the  experimental  capability  at 
AFRL  implemented  by  Innovative  Scientific  Solutions,  Inc.  of  Dayton,  OH.  The  S3F  technique 
originated  in  the  1990s  as  a  direct  sensor  to  measure  surface  shear  forces  [Tarasov  and  Orlov  1990]. 
Detailed  description  of  how  the  technique  works  can  be  found  in  [McQuilling  et  al.  2007],  so  only 
a  brief  summary  will  be  presented  here  for  convenience.  The  technique  relies  on  the  response  of 
a  thin  elastomer  film  impregnated  with  luminescent  molecules  and  doped  with  tracer  particles  on 
its  surface.  The  film  deforms  under  normal  and  tangential  loads,  and  the  tangential  displacement 
measurement  is  achieved  by  tracking  the  movement  of  the  titanium  oxide  tracer  particles  between 
a  “wind-off”  non-loaded  state  and  a  “wind-on”  loaded  state.  The  images  are  recorded  by  a  CCD 
camera,  and  cross-correlation  algorithms  and  optical  flow  techniques  determine  the  displacements. 
During  both  states,  the  film  is  also  illuminated  with  a  light  source  of  a  specific  wavelength  that 
excites  the  luminescent  molecules  within  the  film.  The  molecules  emit  a  different  wavelength  photon 
in  order  to  relax  back  to  its  more  stable  ground  state,  and  this  emission  is  picked  up  by  the  same 
optically  filtered  CCD  camera.  The  intensity  of  the  emission  is  proportional  to  the  thickness  of  the 
film,  thus  providing  a  regional  measurement  of  normal  deformation  between  the  same  “wind-off”  and 
“wind-on”  states.  A  ratio  between  the  two  conditions  also  provides  a  means  to  cancel  out  sources 
of  error  such  as  unequal  illumination  and  uneven  luminophore  dispersion.  This  ratio  calculation 
effectively  makes  the  S3F  a  differential  pressure  gauge  with  tunable  dynamic  range  calibration  by 
modifying  the  film  thickness,  modulus  of  elasticity,  and  Poisson  ratio.  The  normal  pressure  and 
tangential  surface  stresses  which  caused  the  three-dimensional  deformations  are  determined  from  an 
inverse  finite  element  model,  whose  inputs  are  the  film  thickness- sensitive  luminescent  intensity  and 
the  tracer  translations  between  flow-off  and  flow-on  conditions. 

S3F  was  developed  in  order  to  measure  two-dimensional  static  pressure  on  a  surface  without 
some  of  the  drawbacks  of  pressure  sensitive  paints  (PSPs)  based  on  oxygen  quenching,  such  as  the 
need  for  oxygen  in  the  flow  environment  and  the  limited  pressure  sensitivity,  dynamic  range,  and 
frequency  response  [McQuilling  et  al.  2007].  More  background  information  on  pressure  and  skin 
friction  measurement  can  be  found  in  Appendix  C,  while  more  detail  on  the  S3F  data  reduction 
process  can  be  found  in  Appendix  D. 
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3.3  S3F  Development  for  Low-Speed  LPT  Use 

Initial  work  carried  out  in  order  to  assess  the  efficacy  of  using  S3F  in  a  low-speed  environment  is  now 
described.  The  complications  of  using  S3F  arise  because  the  low-speed  environments  result  in  mini¬ 
mal  surface  shearing  forces  due  to  the  passing  fluid.  Thus,  the  film  properties  must  be  meticulously 
calibrated  for  this  difficult  environment.  Indeed,  the  calibration  and  reduction  methodology  which 
determines  the  surface  forces  are  still  under  development  for  the  low-speed  regime.  All  experiments 
described  in  this  section  were  conducted  in  the  low-speed  wind  tunnel  (LSWT)  located  at  ISSI  in 
Dayton,  Ohio.  The  ISSI  LSWT  is  a  low-turbulence,  open-circuit  wind  tunnel.  Screens  upstream  of 
the  test  section  condition  the  flow  and  one  wall  of  the  test  section  is  made  of  clear  polycarbonate  to 
allow  optical  access. 

3.3.1  Experimental  Setup 

The  LPT  geometry  used  herein  is  the  Pack  B  profile  with  a  190.5mm  axial  chord  and  203.2mm 
span.  The  blade,  with  a  wrap-around  1.5mm  deep  x  50.8mm  wide  S3F  cavity,  was  made  using 
the  rapid-prototyping  capability  at  WPAFB,  and  is  shown  in  Figure  3.6(a).  The  orientation  of 
the  blade  in  the  straight  ISSI  LSWT  test  section  did  not  allow  for  proper  inlet  and  exit  angles 
typically  used  for  LPT  studies.  Here  it  is  necessary  to  remember  the  goals  of  this  study.  First,  the 
current  operational  envelope  of  S3F  has  previously  been  restricted  to  water  environments  or  higher 
speed  air  environments.  These  tests  will  push  that  envelope  by  extending  the  air  flow  use  to  very 
low  speeds  on  the  order  of  1-7  m/s  in  order  to  investigate  such  phenomena  as  the  low  -Re  lapse  in 
efficiency.  Second,  issues  specific  to  the  LPT  geometry,  such  as  the  varying  gradient  levels  along  the 
suction  surface,  were  investigated  and  handled  before  further  testing  in  realistic  LPT  orientations. 
Therefore,  all  results  in  this  section  are  presented  with  respect  to  the  camera  point  of  view  and  are 
only  referenced  to  regions  along  the  suction  surface  where  maximum  gradient  changes  are  expected, 
such  as  the  leading  edge  and  near  the  locations  of  maximum  curvature.  The  blade  with  S3F  inserts 
and  black  Mylar  strips  applied  for  oil  film  measurements  is  shown  in  Figure  3.6(b).  The  suction 
surface  of  the  LPT  blade  is  illuminated  with  an  ISSI  LM4  lamp  at  and  detected  by  a  14-bit  PCO.1600 
CCD  camera  with  1600  x  1200  pixel  resolution.  A  single  low-pass  filter  is  used  to  distinguish  the 
fluorescent  emission  while  an  ISSI  timing  box  controls  the  excitation-detection  sequence.  Data  is 
collected  and  stored  on  a  PC. 
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(a)  Pack  B  LPT  with  S3F  cavity. 


(b)  Side  and  top  views  of  LPT  orientation. 

Figure  3.6:  Pack  B  LPT  test  setup  at  ISSI. 
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3.3.2  Results 

Multi-dimensional  skin  friction  measurement  is  not  a  new  accomplishment,  and  as  such  previous 
work  has  developed  the  proper  theory  and  terminology  used  to  describe  such  results.  Therefore,  the 
terminology  as  presented  in  [Tobak  and  Peake  1982]  will  be  used  to  aid  the  description  of  presented 
results.  The  S3F  cavity  was  hlled  by  two  separate  pieces  of  elastomer,  one  for  the  leading  edge  region 
and  one  for  the  trailing  edge  region  (as  seen  in  Figure  3.6(a)).  Filling  the  cavity  with  multiple  films 
instead  of  one  long  continuous  him  was  desirable  in  order  to  wrap  the  him  around  the  leading  edge 
and  maintain  as  hush  as  possible  S3F  with  the  blade  surface. 

h=lmm,  p=150Pa  Film 

Results  at  U  =  13.5m/s  (Re  =  1.83- 106)  for  a  him  thickness  of  1mm  and  shear  modulus  of  150Pa  are 
presented  for  the  front  cavity  in  Figure  3.7.  A  negative  spike  in  streamwise  skin  friction  (rx)  near  the 
leading  edge,  indicating  surface  tension  facing  upstream,  reaches  just  below  -21Pa  and  is  a  result  of 
the  blade  orientation  in  the  straight  test  section.  As  the  oncoming  how  is  split  between  the  pressure 
and  suction  sides  near  the  nodal  line  of  attachment  around  x=10mm,  the  how  heading  towards  the 
pressure  side  pulls  on  the  him  in  the  opposite  (negative)  direction  with  respect  to  the  suction  side. 
This  negative  spike  region  produces  a  local  absolute  maximum  ry-gradient  of  ~  6.4Pa/mm.  After 
recovery  to  positive  rx,  the  remainder  of  the  leading  edge  strip  encounters  a  mean  streamwise  friction 
level  near  7.5Pa,  with  local  gradients  between  0-4Pa/mm.  The  cross-stream  skin  friction  (rz)  along 
section  A-A  huctuates  around  zero,  indicating  a  mostly  two-dimensional  how  held.  The  observed 
3D  inhuence  is  believed  to  be  generated  by  the  mounting  plates  above  and  below  the  turbine  blade. 
Waves  in  the  —  dCp  plot  along  Section  A-A  in  Figure  3.7(c)  indicate  that  the  lmm-150Pa  S3F  used 
near  the  leading  edge  was  too  sensitive  for  a  13.5m/s  how  velocity  in  the  current  orientation.  Further 
tests  will  implement  an  S3F  with  a  better  tuned  shear  modulus  for  this  region. 


Figure  3.7:  Front  cavity,  U=13.5m/s,  h=lmm,  //=150Pa. 
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(a)  Friction,  rx  component,  Pa.  (b)  Friction  components  in  section  B-B.  (c)  Section  B-B,  —dCp  and  Cf. 

Figure  3.8:  Rear  cavity,  U=13.5m/s,  h=lmm,  /i=150Pa. 

Results  for  a  similar  lmm-150Pa  film  in  the  rear  cavity  are  shown  in  Figure  3.8  for  13.5m/s 
flow  velocity.  Again  a  negative  spike  is  noticed  around  x=30-36mm,  but  is  now  due  to  a  surface 
discontinuity  near  the  upstream  edge  of  the  S3F.  The  rear  cavity  observes  a  negative  mean  rx  of 
less  than  a  tenth  of  a  Pascal,  indicating  a  flow  separation  on  the  latter  part  of  the  suction  surface. 
The  streamwise  friction  gradients  in  this  region  are  significantly  smaller  than  the  front  cavity,  with 
absolute  values  less  than  0.04Pa/mm.  The  cross-stream  skin  friction  rz  remains  in  a  similar  range 
as  rx.  The  difference  in  skin  friction  between  the  front  and  rear  cavities  varies  by  more  than  an 
order  of  magnitude,  and  illustrates  the  need  for  separate  S3Fs  in  each  region.  The  larger  mean  and 
gradient  levels  near  the  leading  edge  require  a  film  with  smaller  sensitivity  than  the  trailing  edge. 
From  these  preliminary  results,  the  goal  was  set  to  develop  an  S3F  with  a  shear  modulus  near  30-50 
Pa  in  order  to  better  resolve  the  expected  magnitudes  of  pressure  and  shear. 

h=1.5mm,  //=25Pa  Film 

The  next  film  developed  had  a  shear  modulus  of  25Pa  at  a  thickness  of  1.5mm.  Skin  friction  results 
for  this  S3F  are  presented  in  Figure  3.9  for  a  flow  velocity  of  7m/s.  Here,  a  focus  of  separation  can 
be  seen  in  the  lower  right  portion  of  the  plot,  indicating  a  swirling  motion  of  the  fluid  above.  The 
streamwise  shear  component  for  the  region  of  interest  encompassed  by  the  box  on  the  left  side  is 
shown  on  the  right  of  the  figure  in  3-D  space.  From  these  tests,  the  need  became  clear  to  apply 
a  black  Mylar  strip  beneath  the  S3F  in  order  to  reduce  reflected  excitation  light  and  glare  from 
the  white  material.  This  reduced  the  noise  collected  with  the  data,  but  increased  the  complexity  of 
model  setup  since  the  S3F  is  difficult  to  glue  to  the  black  strip  material.  The  increased  noise  levels  for 
speeds  lower  than  7m/s  increased  the  difficulty  of  the  second  data  reduction  step  of  transforming  the 
deformation  fields  and  luminescent  intensities  into  shear  and  pressure  fields.  It  was  also  found  that 
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Figure  3.9:  Shear  displacement  vectors  and  streamlines,  U=7m/s,  h=1.5mm,  [i= 25Pa. 

in  order  to  best  resolve  the  expected  flow  features  it  may  be  necessary  to  apply  the  S3F  in  small 
5- 10mm  wide  strips  in  the  flow  direction  with  l-2mm  gaps  in  between  successive  strips,  running 
any  length  along  the  span.  Since  the  pressure  and  shear  stress  gradient  levels  change  so  rapidly 
along  the  flow  direction  due  to  the  LPT  curvature,  the  S3F  applied  in  strips  would  allow  different 
composition  and  sensitivity  S3F  pieces  to  be  placed  in  appropriate  regions  to  better  resolve  the 
occurring  levels  in  their  respective  locations.  A  sequential  series  of  displacement  fields  taken  at 
0.5Hz  with  the  same  1.5mm-25Pa  S3F  for  a  flow  velocity  of  13.5m/s  is  shown  in  Figure  3.10.  The 
x-axis  (streamwise  direction)  and  y-axis  (spanwise  direction)  are  scaled  to  the  pixel  distribution  of 
the  camera  only  in  order  to  show  the  ability  of  the  S3F  to  track  unsteady  events.  In  Figure  3.10(a), 
a  nodal  line  of  separation  appears  near  x^  230  highlighted  by  the  ellipse,  with  an  accompanying 
quasi-steady  nodal  line  of  attachment  near  x^  1150  highlighted  with  a  box,  indicating  the  presence 
of  an  unsteady  separation  bubble.  Although  the  topological  structure  remains  relatively  preserved, 
the  frame  capture  rate  does  not  exceed  the  separation  frequency  and  therefore  cannot  properly 
resolve  the  unsteadiness  of  the  event. 

Displacement  fields  for  U  =  0.7  to  4.4m/s  are  presented  in  Figure  3.11  for  another  1.5mm-25Pa 
S3F.  Evidence  of  an  interaction  with  the  uneven  edge  of  the  S3F  on  the  top  side  of  the  cavity  can 
be  seen  here.  Similar  topological  structure  can  be  seen  in  Figures  3.11(b)  through  3.11(e),  while  in 
Figure  3.11(f)  we  see  the  emergence  of  a  focus  of  separation  near  (x,y)  =  (400,900)  highlighted  by  an 
ellipse,  and  a  saddle  point  of  attachment  near  (x,y)=(700,850)  highlighted  with  a  five-sided  polygon, 
indicating  the  swirling  3D  flow  above.  The  top  edge  interaction  eventually  influences  a  nodal  line  of 
separation  near  x^  1150  highlighted  with  a  rectangle,  and  a  larger  separation  as  the  flow  velocity 
approaches  4.4m/s  in  Figure  3.11(f),  as  seen  by  the  upstream  directed  deformations  occurring  in  the 
left  half  of  the  plot.  The  attainment  of  these  displacement  fields  at  low  speeds,  along  with  oil  film 
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(d)  time=6s  (e)  time=8s  (f)  time=10s 

Figure  3.10:  Sequential  series  of  displacement  fields  taken  at  0.5Hz,  U=13.5m/s,  h=1.5mm,  /i= 25Pa. 


verifications,  signifies  that  a  proper  formulation  and  implementation  of  the  S3F  sensor  will  be  able 
to  produce  shear  and  pressure  fields  in  a  flow  speed  range  of  l-7m/s  after  an  adequate  amount  of 
noise  reduction  is  accomplished.  Additionally,  diminishing  the  region  of  interest  (zooming  in)  can 
provide  up  to  10  times  the  current  sensitivity  level  used  in  this  paper,  providing  another  means  to 
reduce  the  noise  and  increase  the  signal-  to-noise  ratio  for  lower  speed  tests. 


Oil-film  Comparison 

As  mentioned  earlier,  the  lowered  signal-to-noise  ratio  at  flow  velocities  below  7m/s  complicated  the 
attainment  of  shear  and  pressure  fields.  Therefore,  in  order  to  better  trust  the  small  translations 
indicated  in  the  S3F  displacement  fields,  oil  film  measurements  were  made  directly  below  the  S3F 
strip  near  the  front  cavity.  The  combined  S3F-oil  film  setup  was  presented  in  Figure  3.6(b).  The 
regions  of  interest  for  combined  measurement  are  shown  in  Figure  3.12.  For  luminescent  oil  film 
skin  friction  measurements,  the  skin  friction  is  determined  by  Equation  C.l.  Oil  film  results  showing 
dx/dh  as  a  function  of  time  for  dynamic  pressures  of  4.6  and  29.6Pa  are  shown  in  Figures  3.13(a) 
and  3.13(b).  These  figures  illustrate  the  linear  response  of  the  oil  film  technique  over  the  dynamic 
range  of  interest.  The  combined  S3F-oil  film  measurements  are  shown  in  Figure  3.13(c),  where  the 
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Figure  3.11:  Displacement  fields,  h=1.5mm,  /x=25Pa. 


S3F  measurements  are  comparable  to  the  oil  film  results  within  f  to  |Pa. 


Conclusions 

The  S3F  technique  has  successfully  produced  two-dimensional  shear  fields  for  flow  velocities  from 
7  to  13.5  m/s  on  the  Pack  B  low-pressure  turbine  blade  geometry,  corresponding  to  a  Reynolds 
number  range  of  9.48  •  105  to  1.83  •  106.  The  goal  of  applying  the  S3F  technique  in  a  low-speed  LPT 
environment  and  optimizing  geometry  related  issues  has  been  accomplished  in  this  work.  Due  to 
significant  differences  of  over  an  order  of  magnitude  in  mean  shear  and  over  two  orders  of  magnitude 
in  shear  gradients  between  the  leading  and  trailing  edges,  the  use  of  separate  S3F  strips  for  each 
region  is  recommended.  The  leading  edge  region  will  require  a  smaller  sensitivity  S3F  than  the 
trailing  edge  due  to  the  higher  mean  and  gradient  levels  near  the  leading  edge.  An  S3F  with  a  shear 
modulus  of  25Pa  and  a  film  thickness  of  1.5mm  has  been  successfully  used  to  produce  deformation 
fields  at  flow  velocities  from  0.7-4.4m/s,  corresponding  to  an  Re  range  of  8.90  •  104  to  5.97  •  105.  In 
order  to  accurately  resolve  shear  and  pressure  fields  at  these  lower  speeds  below  7m/s,  the  signal- 
to- noise  ratio  must  be  increased  above  current  levels. 
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3.4  Chapter  Summary 

Chapter  3  presented  the  experimental  arrangement  and  data  procecssing  used  for  the  tests  both 
on  base  and  at  Innovative  Scientific  Solutions  in  Dayton,  OH.  The  techniques  included  pressure 
measurement,  thermal  anemometry,  particle  image  velocimetry  (only  for  verification  of  boundary 
layer  heights),  and  the  S3F  surface  stress  film.  The  hot-film  data  reduction  routine  employed  in  this 
work  is  different  than  the  standard  polynomial  fit,  and  was  developed  at  WPAFB  over  many  years. 
The  intermittency  algorithm  developed  by  Clark  for  use  with  surface-mounted  heat  flux  gauges  is 
found  to  work  equally  well  away  from  the  wall.  This  algorithm  uses  two  parameters  which  are 
somewhat  subjective  in  their  selection,  i.e.  a  set  of  these  two  parameters  (the  smoothing  period 
and  threshold)  in  a  neighborhood  of  those  chosen  in  this  study  could  produce  similar  results,  while 
not  changing  the  overall  conclusions.  These  parameters  varied  with  Reynolds  number,  and  were 
chosen  in  this  work  based  on  examining  velocity  traces  and  constructing  an  overall  intermittency 
which  made  physical  sense.  The  initial  development  of  S3F  which  enabled  its  use  in  the  low-speed 
air  environment  on  the  curved  surface  of  a  turbine  blade  was  also  presented.  These  initial  S3F  tests 
concluded  that  film  compositions  could  in  fact  be  formulated  to  fit  the  range  of  dynamic  pressures 
desired  for  tests  on  base  in  the  large  subsonic  wind  tunnel.  The  biggest  hurdle  to  overcome  is 
harvesting  enough  of  the  reduced  signal  magnitude  to  overcome  the  noise  in  the  system.  And  as 
air  velocity  is  decreased,  the  signal  magnitude  decreases  as  the  square  of  velocity,  since  that  is  the 
quantity  upon  which  dynamic  pressure  depends. 
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4 

Results 


It  doesn’t  matter  how  beautiful  your  theory  is,  it  doesn’t  matter  how  smart  you  are.  If  it 
doesn’t  agree  with  experiment,  it’s  wrong. 

-  Richard  P.  Feynman 

This  chapter  presents  and  compares  Wildcat  predictions  with  experimental  results.  The  perfor¬ 
mance  data  of  greatest  relevance  to  turbine  designers,  the  Reynolds  lapse  curve,  is  presented  first, 
followed  by  boundary  layer  contours  and  profiles  for  L1M  and  L2F  which  shed  some  light  onto  why 
each  blade  performs  as  it  does.  Next  the  S3F  surface  film  results  are  presented,  followed  by  the 
transition  model  validation. 


4.1  Reynolds  Lapse 

Pressure  and  velocity  measurements  taken  across  the  wake  approximately  one  chord  length  down¬ 
stream  of  the  test  blades  provide  a  means  to  measure  the  available  energy  lost  from  the  bulk  fluid 
flow  as  it  is  turned  by  the  linear  cascade.  The  regions  of  lost  available  energy  show  up  as  deficiencies 
in  velocity  (or  pressure),  and  constitute  loss  levels  which  can  be  integrated  to  form  a  Reynolds  lapse 
curve.  Figure  4.1  compares  Wildcat  predictions  of  L1M  and  L2F  to  previous  experimental  data  on 
the  Pack  B  and  current  results  for  the  L1M  and  L2F  airfoils  plotted  against  inlet  chord  Reynolds 
number.  Both  area-averaged  and  mass-averaged  losses  are  presented  as  defined  by  Equations  3.1 
and  3.2;  mass- averaged  losses  are  slightly  lower  than  area- averaged  due  to  their  accounting  of  the 
lower  velocities  in  the  wake  regions.  It  should  also  be  noted  that  the  Wildcat  CFD  predictions  were 
essentially  run  laminar  with  a  turbulent  trip  at  the  model-predicted  separated-flow  transition  onset 
location.  Tables  4.1  and  4.2  present  the  L1M  and  L2F  experimental  results  in  tabular  form  for  use 
in  CFD  validation;  the  units  are  [m/s]  for  velocity  and  [in  H20]  for  the  pressure  measurements. 
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Figure  4.1:  Reynolds  lapse  for  Pack  B,  L1M,  and  L2F  airfoils. 

At  first  glance  it  is  obvious  the  L2F  blade  outperforms  the  L1M  and  Pack  B  in  the  lower  Reynolds 
number  regime.  Remembering  that  the  aggressive  L2F  loading  allows  a  38%  reduction  in  blade  count 
and  weight  over  the  Pack  B,  the  L2F  answers  the  call  of  the  gas  turbine  industry  for  reduced  weight 
and  improved  low  Reynolds  performance,  both  of  which  decrease  the  overall  cost  of  the  turbine 
engine  throughout  its  life  cycle.  Although  the  laminar  with  trip  CFD  predictions  show  the  L2F 
stalls  below  Re  =  1.9  •  104,  this  result  was  not  duplicable  by  the  facility. 

The  Pack  B  is  historically  notorious  for  massive  separation  at  lower  Re,  which  begins  to  grow 
near  Re  =  4.5  •  104  as  evidenced  by  the  steep  rise  in  loss  in  both  the  experiment  and  CFD.  The  L1M 
loss  knee  begins  below  Re  =  5.8- 104,  although  it  is  not  as  steep  as  the  Pack  B.  This  can  be  attributed 
to  the  mid- loading  and  earlier  transition  as  noted  in  other  work  [Bons  et  al.  2005].  Even  so,  the 
L1M  does  eventually  stall  somewhere  below  Re  =  3.4  •  104,  a  trend  also  noticed  in  the  CFD  results. 
The  increased  losses  over  the  CFD  are  believed  to  be  a  result  of  the  increased  turbulent-wetted  area 
from  an  earlier  transition,  as  well  as  enhancement  of  the  local  laminar  shear  due  to  interaction  with 
the  turbulence  in  the  freestream  which  is  not  accounted  for  in  the  predictions.  The  L2F,  however, 
does  not  stall  at  low  Re  and  its  experimental  loss  behavior  does  not  show  the  loss  knee  associated 
with  turbines  that  experience  increased  low-Re  losses  due  to  separation  bubbles.  The  loss  knee  is 
formed  as  the  losses  dramatically  increase  with  decreasing  Reynolds  number.  We’ll  see  later  this 
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flow  is  in  fact  separated,  but  the  bubble  may  be  so  thin  that  it  behaves  as  if  it  is  attached  (without 
the  loss  knee).  Comparisons  drawn  later  with  boundary  layer  contours  obtained  through  thermal 
anemometry  help  explain  this  behavior.  A  very  encouraging  trend  is  that  both  the  L1M  and  L2F 
enjoy  reduced  losses  compared  to  the  Pack  B  at  the  higher  Re  tested  in  this  work;  it  was  initially 
suspected  the  attached- flow  losses  may  be  higher  than  the  Pack  B  due  to  the  earlier  transitions,  but 
at  least  up  to  Re  =  8.6  •  104  the  experimental  losses  remain  below  the  Pack  B  levels.  Somewhere 
between  Re  =  5.1  •  104  and  Re  =  5.8  •  104  the  L2F  losses  increase  over  the  L1M;  again,  this  can  be 
attributed  to  the  increased  turbulent-wetted  area  of  the  L2F. 


Table  4.1:  Measured  conditions  across  L1M  cascade. 


Re 

in 

Re 

ex 

^ in 

^ ex 

Pf,in  Ps,in 

Pt,in  Pt,ex 

Parea 

P  flux 

2.1  • 

104 

3.4- 

104 

2.0 

3.2 

0.0097 

0.0066 

0.6777 

0.6369 

3.4- 

104 

5.6- 

104 

3.1 

5.1 

0.0214 

0.0071 

0.3310 

0.3097 

3.9- 

104 

6.5- 

104 

3.5 

5.8 

0.0277 

0.0079 

0.2862 

0.2695 

4.3- 

104 

7.2- 

104 

3.9 

6.5 

0.0347 

0.0081 

0.2348 

0.2206 

5.1  • 

104 

8.4- 

104 

4.7 

7.7 

0.0498 

0.0068 

0.1369 

0.1285 

5.8- 

104 

9.5- 

104 

5.2 

8.5 

0.0545 

0.0038 

0.0697 

0.0644 

6.4- 

104 

1.0- 

105 

5.8 

9.4 

0.0700 

0.0049 

0.0694 

0.0650 

7.5- 

104 

1.2  • 

105 

6.9 

11.1 

0.1048 

0.0060 

0.0570 

0.0529 

8.6- 

104 

1.4- 

105 

7.7 

12.4 

0.1293 

0.0064 

0.0498 

0.0461 

Table  4.2:  Measured  conditions  across  L2F  cascade. 


Re 

in 

Re 

ex 

'Uin 

^ex 

P t,in  P s,in 

P t,in  P t,ex 

Larea 

P  flux 

2.1  • 

104 

3.7- 

104 

2.3 

3.9 

0.0116 

0.0021 

0.1788 

0.1665 

3.4- 

104 

5.7- 

104 

3.6 

5.9 

0.0260 

0.0041 

0.1575 

0.1508 

3.9- 

104 

6.4- 

104 

4.0 

6.7 

0.0347 

0.0050 

0.1444 

0.1383 

4.3- 

104 

7.0- 

104 

4.6 

7.5 

0.0446 

0.0060 

0.1346 

0.1292 

5.1  • 

104 

8.4- 

104 

5.4 

8.9 

0.0627 

0.0069 

0.1108 

0.1057 

5.8- 

104 

9.5- 

104 

6.1 

10.0 

0.0770 

0.0071 

0.0922 

0.0875 

6.4- 

104 

1.1  • 

105 

6.6 

10.9 

0.0908 

0.0076 

0.0841 

0.0795 

7.5- 

104 

1.2  • 

105 

7.9 

12.9 

0.1356 

0.0097 

0.0717 

0.0675 

8.6- 

104 

1.4- 

105 

8.8 

14.4 

0.1678 

0.0106 

0.0632 

0.0592 

381 

Approved  for  public  release;  distribution  unlimited. 


4.1.  REYNOLDS  LAPSE 


54 


Examining  the  average  inlet  and  exit  velocities  from  Tables  4.1  and  4.2  more  closely,  we  see 
both  the  L1M  and  L2F  airfoils  accelerate  the  flow  through  the  cascade  to  nearly  the  same  level  over 
the  range  of  Re  surveyed,  where  uex  is  approximately  equal  to  1.6  •  iqn.  Later  it  will  be  noted  that 
these  accelerations  occur  at  different  levels  in  different  regions  which  lead  to  different  boundary  layer 
physics  between  the  two  airfoils. 

Table  G.3(b)  presents  measured  wake  conditions  for  the  L1M  and  L2F  airfoils  including  average 
percent  exit  turbulence  level,  wake  width  to  the  nearest  0.5cm,  and  wake  depth  defined  as  the 
maximum  total  pressure  drop  (Pt,in  — Pt,ex)  [in  H20]  in  the  wake.  Remembering  the  inlet  freestream 
turbulence  is  3.3%  for  both  airfoils,  we  see  the  effects  of  the  L1M  separation  bubble  in  generating 
an  increased  level  of  unsteadiness  as  the  bubble  periodically  convects  downstream.  As  Reynolds 
number  increases  and  the  bubble  size  is  reduced,  the  exit  unsteadiness  and  wake  width  are  reduced. 
The  smaller  level  of  exit  unsteadiness  and  width  seen  in  the  L2F  wake  supports  the  idea  of  a 
very  thin  separation  bubble  which  does  not  generate  as  much  periodic  unsteadiness  as  the  L1M. 
Comparing  the  wake  depths  and  widths,  we  see  the  L1M  creates  a  wider  and  deeper  wake  than  the 
L2F  until  somewhere  after  Re  =  6.4  •  104,  where  the  L2F  depth  surpasses  the  L1M  even  though  it 
remains  thinner.  Although  this  study  proves  unsteady  effects  are  not  necessary  to  design  a  well- 
behaved  airfoil  at  aggressive  loading  levels,  numerous  higher-lift  studies  have  touted  the  benefits  of 
wake  disturbance  energy  in  re-energizing  the  separated  boundary  layer  of  downstream  blade  rows. 
Depending  on  the  design  point  and  heat  load  considerations  of  a  given  turbine  engine,  the  larger 
L1M  wakes  may  be  more  beneficial  in  a  given  situation  especially  at  lower  Reynolds  numbers  due 
to  their  increased  turbulence  levels. 


Table  4.3:  Wake  conditions. 


L1M 

L2F 

Re 

in 

P^ex 

Width 

Depth 

T^ex 

Width 

Depth 

2.1  • 

104 

13.5 

20.5 

0.0125 

5.0 

13.0 

0.0071 

3.4- 

104 

8.8 

20.0 

0.0184 

4.0 

13.0 

0.0144 

3.9- 

104 

7.5 

20.0 

0.0221 

3.8 

13.0 

0.0186 

4.3- 

104 

6.8 

19.5 

0.0259 

3.7 

13.0 

0.0235 

5.1  • 

104 

5.7 

19.0 

0.0416 

3.6 

13.0 

0.0328 

5.8- 

104 

4.4 

19.0 

0.0470 

3.5 

12.5 

0.0402 

6.4- 

104 

3.9 

19.0 

0.0502 

3.5 

12.0 

0.0457 

7.5- 

104 

3.6 

18.5 

0.0437 

3.3 

12.0 

0.0674 

8.6- 

104 

3.5 

18.5 

0.0518 

3.3 

11.5 

0.0805 
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4.2  Boundary  Layer  Contours  and  Profiles 

This  section  presents  boundary  layer  contours  and  profiles  obtained  through  thermal  anemometry 
of  Umean/Uin,  contours  of  urms/Uin,  skew  and  kurtosis  of  the  velocity  signal,  and  contours  and 
profiles  of  intermittency  for  the  L1M  and  L2F  airfoils  at  Re  equal  to  2.5- 104,  5.0- 104,  and  7.5- 104.  It 
should  be  noted  here  that  two  distinct  behaviors  were  noticed  in  the  previous  work  which  developed 
the  Praisner  and  Clark  attached-flow  and  separated- flow  transition  models.  While  flows  remained 
attached,  transition  onset  occurred  where  the  ratio  of  a  boundary  layer  diffusion  time  to  the  turbulent 
eddy  time  scale  reached  a  critical  level.  The  attached-flow  model  requires  the  momentum  thickness, 
an  integral  boundary  layer  quantity  which  loses  its  physical  meaning  once  the  flow  is  separated. 
Models  based  on  physical  quantities  are  preferred  over  those  that  are  empirically  based  due  to  the 
extra  information  provided  about  the  physics  involved.  Since  the  attached-flow  model  can  only  be 
applied  up  to  the  point  of  separation,  an  additional  model  was  necessary  for  those  flows  that  separate 
before  transition  occurs.  Therefore,  the  separated-flow  model  is  instead  based  on  the  momentum 
thickness  Reynolds  number  just  before  incipient  separation,  where  the  momentum  thickness  remains 
physically  meaningful.  This  section  presents  thermal  anemometry  results  with  a  minimum  surface- 
normal  position  of  1mm  up  from  the  surface  of  the  airfoil.  Since  this  minimal  distance  may  preclude 
the  resolution  of  a  very  thin  separation  bubble,  the  current  data  sets  are  examined  with  both  models 
in  mind,  where  both  transition  models  will  be  constructed  where  available  data  permits. 

Table  4.4  shows  the  maximum  and  minimum  velocities  throughout  the  measured  data  zones  for 
the  L1M  and  L2F  airfoils  for  all  3  Re.  Previous  research  from  the  open  literature  [Reimann  et  al. 
2006]  employing  single  normal  hot-wire  sensors  to  determine  separation  zones  have  used  a  separation 
zone  criteria  defined  as  those  regions  having  mean  velocities  less  than  0.4  x  max(Umean).  If  there 
are  no  regions  where  the  velocity  is  under  this  threshold,  the  flow  may  react  as  an  attached  flow. 
This  table  shows  the  L1M  airfoil  contains  separated  flow  for  Re  =  2.5  •  104  and  5.0  •  104.  Since  the 
minimum  mean  velocity  for  the  L1M  at  Re  =  7.5  •  104  is  greater  than  the  threshold,  the  flow  must 
either  be  attached  or  have  a  very  thin  separation  bubble  below  the  first  measurement  point  just 
1mm  up  from  the  surface.  This  is  supported  by  the  Reynolds  lapse  plot  of  Figure  4.1,  where  the 
L1M  losses  level  off  into  the  gradual  decreasing  slope  somewhere  between  Re  —  5.1  •  104  and  5.8  •  104 
as  an  attached  flow  would  do.  The  L2F  airfoil  is  seen  without  reversed  flow  (up  to  1mm),  again 
agreeing  with  the  behavior  reported  in  Figure  4.1  and  associated  low  wake  widths  and  turbulence 
levels  of  Table  G.3(b).  The  S3F  measurements  presented  later  in  this  chapter  indicate  the  L2F  blade 
does  in  fact  separate;  the  bubble  therefore  must  be  thinner  than  1mm  or  0.7%  of  the  axial  chord. 
An  interesting  possibility  now  exists  that  the  shear  layer  above  a  very  thin  separation  bubble  may 
transition  as  if  attached  and  not  separated.  In  order  to  clarify  this  response,  both  the  attached-flow 
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and  separated-flow  transition  models  will  be  constructed  where  data  is  available  and  compared  to 
the  model  databases  as  presented  in  Figure  2.3(a)  for  the  separated-flow  model  and  in  Figure  2.3(b) 
for  the  attached-flow  transition  model.  As  Table  4.4  gives  a  qualitative  way  to  describe  separation 
zones,  the  0.4  x  max{Umean)  criteria  is  unable  to  provide  separation  onset  locations  which  are 
upstream  of  the  transition  locations.  Thus,  the  separated-flow  transition  model  cannot  be  validated 
using  this  criteria  for  separation. 


Table  4.4:  Umean/Uin  maxima  and  minima. 


L1M 

L2F 

Rein 

max 

0.4  x  max 

min 

max 

0.4  x  max 

min 

2.5  •  104 

4.2 

1.7 

0.8* 

5.7 

2.3 

2.5 

5.0  •  104 

9.5 

3.8 

3.0* 

11.1 

4.4 

5.9 

7.5  •  104 

13.9 

5.6 

7.3 

17.6 

7.0 

8.8 

Separated  condition  defined  by  0.4  *  max (U mean) . 


Figure  4.2  presents  L1M  Umean/Uin  contours  and  profiles  for  all  three  Re ;  the  contour  scaling 
is  identical  for  all  three  Re.  Also  note  the  differences  in  contour  and  profile  heights,  as  the  lower 
Re  flows  required  a  higher  profile  height  to  resolve  boundary  layer  features.  The  blanked  white 
areas  of  the  contours  represent  the  locations  where  data  was  not  acquired  as  explained  earlier  with 
Figure  3.3.  The  influence  of  the  passage  acceleration  can  be  seen  by  an  increase  in  near- wall  velocity 
from  the  first  profile  at  22.5%SSL  up  to  the  fifth  profile  at  32.7%SSL,  after  which  the  near-wall 
flow  decelerates  under  the  adverse  pressure  gradient.  Noting  that  Wildcat  predicted  the  point  of 
minimum  pressure  at  47%  axial  chord  (38.5%SSL),  we  see  an  earlier  velocity  peak  in  the  experimental 
results  than  predicted.  The  accelerated  profiles  resemble  those  of  a  jet  flow  with  higher  velocities 
just  up  from  the  wall  than  in  the  freestream.  The  eventual  deceleration  squeezes  the  near- wall 
profiles  into  the  familiar  boundary  layer  shapes.  By  47.5%SSL,  the  flow  has  decelerated  enough  to 
detach  into  a  separated  free  shear  layer.  The  L1M  stalls  at  Re  =  25 k,  as  the  sharp  change  in  mean 
velocity  beginning  near  47.5%SSL  and  y/Bx  =  0.006  grows  progressively  away  from  the  wall  in  an 
unbounded  fashion  with  downstream  distance.  The  stall  behavior  can  be  seen  more  clearly  in  the 
profiles  of  Figure  4.2(a),  where  the  velocities  in  the  upper  portion  of  the  profile  slow  to  minimal 
magnitudes  less  than  0.2  of  the  maximum  velocity  near  the  surface.  In  fact,  this  drastic  change  in 
the  mean  velocity  continues  to  nearly  35%  axial  chord  up,  or  a  full  6.2cm  up  from  the  surface  at  the 
last  profile  acquired  at  89.5%SSL.  Under  the  shear  layer  a  region  of  fluid  with  a  momentum 
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deficiency  recirculates  and  causes  a  flow  blockage  extending  far  out  into  the  main  passage. 

As  expected,  the  passage  acceleration  increases  with  Re  as  indicated  by  the  increase  in  velocity 
in  Figures  4.2(b)  and  4.2(c)  for  Re  =  50 k  and  75 k,  respectively.  At  Re  =  50 &,  the  near-wall 
velocity  increases  until  37.2%SSL  where  the  adverse  pressure  gradient  begins  to  slow  the  fluid, 
4.5%SSL  downstream  of  the  Re  =  25 k  location.  For  Re  =  75 the  near-wall  fluid  accelerates  until 
42.7%SSL,  10%SSL  further  downstream  than  for  Re  =  25 k.  The  L1M  then  experiences  its  shear 
layer  detachment  near  60.1%SSL  at  Re  =  50 &,  which  gives  way  to  a  turbulent  separation  bubble. 
After  this  detachment,  a  mix  of  turbulent-like  near- wall  profiles  continue  to  fade  into  more  laminar- 
like  shapes,  suggesting  the  separation  bubble  remains  below  1mm  up  from  the  surface.  At  Re  =  75 k, 
no  such  detachment  is  noticed  after  the  maximum  near-wall  velocity  as  the  profiles  (and  contour) 
appear  turbulent  and  resemble  an  attached  flow.  The  shape  of  the  shear  layer,  as  detected  by  the 
region  of  changing  mean  velocity  with  a  knee-like  curvature,  is  different  for  Re  =  75 k,  also  lending 
support  to  the  idea  of  an  attached  flow  versus  a  separated  one. 

Turbulent  similarity  comparisons  for  selected  L1M  mean  velocity  profiles  at  Re  =  50 k  are  pre¬ 
sented  in  Figure  4.3  plotted  in  wall  coordinates  with  the  log  base  10  of  y+  on  the  abscissa.  These 
comparisons  were  constructed  by  iterating  upon  the  wall  shear  (rw)  until  a  best  fit  was  obtained 
between  the  similarity  profiles  and  current  experimental  data  using  the  applicable  range  of  y+ .  The 
selected  profiles  presented  in  this  figure  illustrate  the  typical  trends  seen  by  all  test  cases  for  both 
airfoils  except  the  stalled  L1M  at  Re  =  25 k  which  exhibits  no  turbulent  similarity  for  any  section  of 
the  surveyed  suction  surface.  Significant  differences  include  the  first  “good  fit”  location,  the  terminal 
shape  of  the  data  fit  to  Coles’  law  of  the  wake  (Equation  3.27),  and  the  final  suction  surface  location 
where  the  terminal  shape  occurs.  A  “good  fit”  location  is  where  the  data  in  the  appropriate  y+ 
range  is  fit  to  Coles’  law  with  less  error  than  to  Spalding’s  law;  Coles’  law  was  chosen  due  to  its 
accounting  of  the  pressure  gradient  with  the  “PI”  term.  The  terminal  shape  is  considered  as  the 
earliest  location  which  continues  to  closely  resemble  its  followers  as  one  progresses  downstream.  As 
expected,  at  no  time  do  any  of  the  profiles  match  the  linear  law  which  is  only  applicable  extremely 
close  to  the  wall  (closer  than  1mm).  Comparison  to  the  linear  law  in  Figure  4.3(a)  at  62.4%SSL 
for  rw  =  0.30Pa  shows  how  the  acquired  data  are  located  out  of  the  viscous  sublayer,  an  expected 
result  since  the  closest  wall  data  point  is  1mm  from  the  surface.  Initially,  and  at  different  suction 
surface  locations  for  each  Reynolds  number  and  airfoil,  the  data  do  not  compare  well  with  Spalding’s 
law  or  the  log-law,  with  the  lower  y+  data  points  residing  above  Spalding’s  law  and  the  higher  y+ 
points  falling  below,  as  illustrated  in  Figure  4.3(a)  for  the  L1M  Re  =  50 k  case  at  62.4%SSL  with 
rw  =  0.30Pa.  Minimal  to  no  agreement  is  found  between  data  and  the  log-law  or  Spalding’s  formula, 
which  can  be  attributed  to  the  transitional  flow  experiencing  a  pressure  gradient,  both  of  which  were 
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(a)  62.4%SSL,  tw  =  0.30Pa. 


(b)  66.9%SSL,  tw  =  0.22Pa,  PI=0.24. 


(c)  89.5%SSL,  tw  =  0.07Pa,  PI=1.52. 


Figure  4.3:  L1M  turbulent  profile  similarity  comparisons,  Re  =  50k. 
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unaccounted  for  in  the  Spalding  and  log-law  development.  Instead,  the  profile  begins  stretching 
towards  the  ’S’  shape  described  by  Coles’  law  of  the  wake.  By  66.9%SSL  in  Figure  4.3(b),  the 
experimental  data  can  be  fit  to  Coles’  profile  with  reasonable  success  using  rw  =  0.22Pa  and  a  PI 
term  equal  to  0.24.  A  further  increase  to  89.5%SSL  in  Figure  4.3(c)  using  rw  =  0.07Pa  and  PI=1.52 
shows  the  terminal  shape  for  the  L1M  at  Re  =  50/c,  where  the  lower  and  higher  y+  locations  still  in 
the  applicable  range  exhibit  higher  u+  values.  Also  as  expected,  the  wall  shear  required  to  fit  the 
data  decreases  with  suction  surface  distance,  while  the  PI  term  is  seen  to  increase  with  downstream 
distance.  The  terminal  shapes  for  other  test  points  vary  between  those  seen  in  Figures  4.3(b)  and 
4.3(c),  illustrating  how  no  profiles  acquired  during  this  work  completely  resemble  fully  developed 
turbulent  flow. 
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(a)  77.5%SSL,  rw  =  0.40Pa,  PI=0.05. 


(b)  84.7%SSL,  rw  =  0.30Pa,  PI=0.35. 


Figure  4.4:  L1M  turbulent  profile  similarity  comparisons,  Re  =  75 k. 


Figure  4.4(a)  shows  the  initial  good  fit  for  Re  =  75 k  occurs  at  77.5%SSL  using  rw  =  0.40Pa  and 
PI=0.05.  The  terminal  shape  for  the  L1M  is  observed  by  84.7%SSL  in  Figure  4.4(b)  using  rw  = 
0.30Pa  and  PI=0.35,  where  the  higher  y+  locations  never  rise  above  Coles’  law.  Comparing  Figures 
4.3  and  4.4  shows  how  the  first  occurrance  of  a  good  fit  moves  downstream  with  increasing  Reynolds 
number.  This  trend  is  also  typical  for  the  L2F  airfoil.  The  PI  term  increases  with  downstream 
distance  but  decreases  with  increasing  Reynolds  number,  trends  also  observed  with  the  L2F  data. 

Figure  4.5  presents  L2F  Umean/Uin  contours  and  profiles  for  all  three  Re  where  the  contour 
scaling  is  the  same  as  the  L1M  scaling.  The  topology  for  all  three  Re  remains  similar,  resembling 
that  of  the  attached  L1M  Re  =  75 A:  case  with  a  knee-like  curvature  in  Figure  4.2(c).  The  height 
for  the  L2F  contours  and  profiles  remains  at  20mm  (11.2%  axial  chord)  since  this  was  sufficient  to 
resolve  the  boundary  layer  features.  In  contrast  to  the  L1M,  the  bulk  of  the  L2F  passage  acceleration 
has  already  occurred  further  upstream  than  the  first  profile,  here  at  19.9%SSL  for  the  L2F. 


388 

Approved  for  public  release;  distribution  unlimited. 


2.2 


4.2.  BOUNDARY  LAYER  CONTOURS  AND  PROFILES 


61 


o 


oj 


2 

O 

-+J 

o 

o 

d 

3 

o3 

O 


CN 


LO 

o 

f— I 

0 


389 

Approved  for  public  release;  distribution  unlimited. 


4.2.  BOUNDARY  LAYER  CONTOURS  AND  PROFILES 


62 


As  a  result,  the  profile  point  1mm  up  from  the  surface  experiences  relatively  constant  deceleration 
throughout  the  entire  flowfield  for  all  three  Re.  This  is  due  to  the  forward  loading  characteristic  of 
the  L2F,  where  the  pressure  minimum  occurs  further  upstream  and  the  remaining  pressure  increase 
to  the  trailing  edge  is  spread  out  over  a  longer  surface  distance.  Remembering  Wildcat  predicted  the 
pressure  minimum  to  occur  at  27%  axial  chord  (24%SSL),  we  again  see  an  earlier  velocity  peak  in 
the  experimental  results  than  predicted  with  Wildcat.  This  constant  deceleration  gradually  retards 
the  jet-like  profiles  of  upstream  locations  into  those  more  similar  to  zero  pressure  gradient  boundary 
layer  profiles  of  downstream  locations.  These  downstream  profiles  also  resemble  turbulent  attached 
flow  profiles,  which  agree  with  the  Reynolds  lapse  behavior  of  Figure  4.1. 


Figure  4.6:  L2F  comparison  to  Falkner-Skan;  /3  =  —0.199,  Re  =  25 k. 

Laminar  comparisons  against  the  Falkner-Skan  family  of  similarity  laws  with  /3  =  —0.199  are 
presented  in  Figure  4.6  for  L2F  airfoil  profiles  which  are  upstream  of  separation  at  Re  =  25 k.  The 
maximum  adverse  pressure  gradient  before  separation  is  defined  by  /?  =  —0.199,  and  this  figure 
shows  how  the  near-wall  region’s  jet-like  shape,  where  the  velocity  increases  going  towards  the  wall 
from  the  freestream,  does  not  match  the  wedge  flows  represented  by  the  Falkner-Skan  solutions. 
This  result  is  typical  of  all  laminar  profiles  for  all  three  Reynolds  numbers  upstream  of  separation 
where  Falkner-Skan  would  be  applicable.  L2F  turbulent  similarity  comparisons  against  Spalding’s 
and  Coles’  laws  are  presented  in  Figure  4.7  for  all  three  Reynolds  numbers.  For  Re  =  25k  in  Figure 
4.7(a),  the  first  good  fit  location  occurs  at  70.0%SSL  using  rw  =  0.08Pa  and  PI=0.22,  and  the 
terminal  shape  seen  in  Figure  4.7(b)  at  90.4%SSL  using  rw  =  0.05Pa  and  PI=0.42  matches  Coles’ 
law  of  the  wake  extremely  well  for  y +  >50.  Increasing  the  Reynolds  number  moves  the  initial  good 
fit  downstream  to  82.0%SSL  for  both  Re  =  50 k  and  75 fc,  as  seen  in  Figures  4.7(c)  and  4.7(e) 
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(a)  70.0%SSL,  Re  =  25/c,  rw  =  0.08Pa,  PI=0.22.  (b)  90.4%SSL,  Re  =  25 k,  rw  =  0.05Pa,  PI=0.42. 


(c)  82.0%SSL,  Re  =  50 k,  rw  =  0.24Pa,  PI=0.14. 


(d)  90.4%SSL,  Re  =  50 k,  rw  =  0.22Pa,  PI=0.19. 


(e)  82.0%SSL,  Re  =  75 fe,  tw  =  0.47Pa,  PI=0.04. 


(f)  90.4%SSL,  Re  =  75 fc,  =  0.43Pa,  PI=0.12. 


Figure  4.7:  L2F  turbulent  profile  similarity  comparisons. 


using  rw  =  0.24Pa  and  PI=0.14  for  Re  =  50/c  and  rw  =  0.47Pa  and  PI=0.04  for  Re  =  75fc.  The 
terminal  shapes  are  slightly  different,  however,  as  the  Re  =  50 k  case  remains  below  Coles’  law  with 
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increasing  y+  while  the  Re  =  75 k  case  first  shifts  above  and  then  falls  below  Coles’  law.  Again  the 
similar  L1M  trends  are  noticed  where  the  PI  terms  increase  with  downstream  distance  and  decrease 
with  increasing  Reynolds  number,  while  the  shear  stress  follows  the  opposite  trends.  In  addition, 
the  higher  data  points  in  the  L2F  profiles  do  not  he  above  Coles’  law  as  often  as  the  higher  y + 
points  of  the  L1M.  As  only  the  near-wall  30  to  35  data  points  were  used  in  these  comparisons,  it  is 
quite  possible  that  the  L2F  profiles  deviate  from  Coles’  law  in  a  similar  manner  to  the  L1M  further 
out  into  the  freestream.  As  with  the  L1M,  the  deviation  from  the  similarity  laws  are  believed  to  be 
caused  by  an  incomplete  transition  to  turbulence  and  varying  pressure  gradients. 

Figure  4.8  presents  contours  of  urms/Uin  for  all  three  Re  for  the  L1M.  The  same  heights  over 
the  various  Re  used  for  the  mean  velocity  are  presented  in  these  figures  as  well  in  order  to  resolve 
the  boundary  flow  features.  Immediately  we  notice  the  severe  degree  of  unsteadiness  (urms/Uin)  in 
the  separated  and  stalled  free  shear  layer  for  Re  =  25 k  in  Figure  4.13(a).  The  first  sign  of  near- wall 
unsteadiness  occurs  at  42.7%SSL.  As  expected  from  the  mean  velocity  contours,  the  unsteadiness 
begins  to  sharply  increase  near  the  detachment  location  of  47.5%SSL,  spreading  very  rapidly  in  the 
downstream  and  cross-stream  directions,  reaching  a  peak  of  47.1%  unsteadiness  in  the  core  near 
62.4%SSL  and  as  low  as  7.3%Bx  up  from  the  surface.  Again  the  unsteadiness  continues  unbounded 
with  downstream  distance,  matching  the  rapid  change  seen  in  the  mean  velocity  contours.  Although 
this  high  level  of  unsteady  flow  convects  downstream  into  the  wake  producing  the  average  exit 
turbulence  of  13.5%  as  reported  earlier  in  Table  G.3(b),  it  is  still  not  enough  turbulent  mixing  to 
force  a  reattachment  of  the  separation.  This  means  the  adverse  pressure  gradient  experienced  by 
the  mid- loaded  L1M  is  too  severe  for  its  boundary  layer  to  overcome  without  massive  separation 
at  low  Re.  Increasing  Re  to  50 k  in  Figure  4.13(c)  greatly  reduces  the  unsteadiness  compared  to 
Re  =  25 k,  where  urms/Uin  begins  to  grow  further  downstream  at  52.6%SSL  now,  with  a  peak  value 
of  only  34.1%  occurring  near  66.9%SSL  at  1mm  (0.6%Bx)  up  from  the  surface.  A  further  increase 
to  Re  =  75 k  in  Figure  4.13(e)  also  sees  the  initial  rise  of  unsteadiness  at  52.6%SSL  and  reduces  the 
peak  unsteadiness  to  just  20.7%  near  72.8%SSL  at  1mm  up  from  the  surface.  The  L1M  Re  =  75 k 
case  is  considered  attached  (Table  4.4),  while  at  lower  Re  the  flow  is  considered  separated,  which 
corroborates  with  the  loss  behavior  as  noted  in  Figure  4.1.  However,  the  maximum  unsteadiness 
location  for  both  the  Re  =  50 k  and  Re  =  75 k  cases  are  at  the  lowest  profile  point  acquired  nearest 
the  wall,  thus  suggesting  an  attached-flow  transition  as  opposed  to  transition  atop  a  separation 
bubble.  This  contradiction  supports  the  idea  that  separated-flow  transition  in  the  shear  layer  atop 
a  very  thin  separation  bubble  may  in  fact  behave  like  attached-flow  transition. 

Examining  the  skew  and  kurtosis  of  the  L1M  velocity  signals  in  Figure  4.9  lend  some  insight  into 
the  transition  process.  The  contour  scales  for  all  three  Reynolds  numbers  are  the  same  for 
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(b)  Re  =  50 k. 
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(c)  Re  =  75 k. 


Figure  4.8:  L1M  urms/Uin  contours. 
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(a)  Re  =  25 k  skew. 


(b)  Re  =  25 k  kurtosis. 


(c)  Re  =  50 k  skew. 
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(d)  Re  =  50 k  kurtosis. 


(e)  Re  =  75 k  skew. 
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(f)  Re  =  75k  kurtosis. 


Figure  4.9:  L1M  skew  and  kurtosis  contours. 
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skew  and  the  same  for  kurtosis  for  ease  of  comparison.  As  explained  earlier  in  Chapter  3,  regions 
of  both  negative  skew  and  positive  kurtosis  have  been  identified  as  transition  indicators.  This 
combination  of  skew  and  kurtosis  first  occurs  near  47.5%SSL  just  3.3%Bx  up  from  the  surface 
for  the  L1M  at  Re  =  25 &,  suggesting  the  beginnings  of  a  separated-flow  transition  away  from 
the  surface.  Following  the  separated  free  shear  layer  downstream  and  away  from  the  surface  after 
47.5%SSL,  regions  of  alternating  sign  skew  are  tied  with  low  magnitude  kurtosis,  suggesting  a  weakly 
intermittent  transition  process  which  never  fully  matures  into  turbulence,  a  trend  also  seen  later 
with  intermittency  contours  of  Figure  4.12(a).  Bons’  description  of  the  alternating  sign  skew  in 
regions  of  positive  kurtosis  indicates  the  merging  of  smaller  momentum  laminar  packets  with  higher 
energy  turbulent  pockets  [Reimann  et  al.  2006].  As  Reynolds  number  is  increased  to  50 fc,  levels 
of  alternating  sign  skew  and  positive  kurtosis  are  noticed  at  the  near-wall  profile  location  near 
57.9%SSL.  But  in  this  case,  the  larger  magnitude  values  of  skew  and  kurtosis  occur  away  from  the 
wall,  slightly  downstream  at  62.4%SSL  and  up  4.1%Bx  from  the  surface,  again  suggesting  a  mixture 
between  attached- flow  and  separated-flow  transition.  In  order  to  construct  the  transition  models  for 
the  next  section,  the  transition  location  will  be  identified  as  the  first  streamwise  location  where  the 
negative  skew  and  positive  kurtosis  condition  applies,  in  this  case  near  the  wall  at  57.9%SSL.  As 
Re  is  further  increased  to  75 &,  the  skew  remains  slightly  negative  but  growing  progressively  positive 
downstream  and  away  from  the  wall.  The  kurtosis,  however,  indicates  a  burst  near  57.9%SSL,  the 
same  streamwise  location  of  the  Re  =  50 k  increase  in  kurtosis.  The  variation  of  kurtosis  follows 
that  of  skew  in  reducing  magnitude  with  downstream  and  surface-normal  distance.  The  transition 
location  indicated  by  skew  and  kurtosis  for  the  L1M  at  Re  =  75 k  is  therefore  57.9%SSL. 

Figure  4.10  presents  contours  of  urms/Uin  for  all  three  Reynolds  numbers  for  the  L2F  airfoil. 
The  contours  for  all  three  quantities  are  scaled  the  same  as  the  L1M  for  ease  of  comparison.  Again, 
the  boundary  layer  physics  were  resolved  with  the  smaller  profile  height,  so  surface- normal  scale 
must  be  kept  into  consideration  for  full  appreciation  of  the  differences  between  the  L1M  and  the 
L2F.  At  first  glance,  the  L2F  aerodynamics  significantly  reduce  the  amount  of  unsteadiness  when 
compared  to  the  L1M  airfoil.  For  Re  =  25 k  in  Figure  4.14(a),  the  unsteadiness  first  begins  to 
increase  near  52.6%SSL,  compared  to  42.7%SSL  of  the  stalled  L1M  at  Re  =  25 k.  Therefore,  the 
stronger  acceleration  of  the  front-loaded  L2F  pushes  downstream  the  initial  growth  of  unsteadiness 
compared  to  the  mid- loaded  L1M.  The  maximum  unsteadiness  of  28.7%  occurs  in  the  near- wall  at 
65.3%SSL,  suggesting  an  attached-flow  transition  even  at  the  lower  Reynolds  number  value  of  25 k. 
The  intermittency  contours  presented  later  corroborate  the  appearance  of  near-wall  transition  for 
all  three  Re,  again  suggesting  attached- flow  instead  of  separated-flow  transition.  Initial  growths  of 
unsteadiness  for  Re  =  50 k  and  Re  =  75 k  begin  near  48.1%SSL  and  44.8%SSL,  respectively.  As  Re  is 
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Percent  Suction  Surface  Distance 

(a)  Re  =  25 k. 


Percent  Suction  Surface  Distance 

(b)  Re  =  50 k. 


Percent  Suction  Surface  Distance 

(c)  Re  =  75 k. 


Figure  4.10:  L2F  urms/Uin  contours. 
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Figure  4.11:  L2F  skew  and  kurtosis  contours. 
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increased  beyond  25 k,  the  overall  area  of  unsteadiness  decreases  significantly  with  Re  and  maximum 
levels  remain  in  the  near-wall  locations,  19.5%  at  65.3%SSL  for  Re  =  50 k  and  17.4%  at  57.2%SSL 
for  Re  =  75 k.  Thus  we  see  an  increase  in  Re  causes  an  earlier  appearance  of  unsteadiness. 

Examining  the  skew  and  kurtosis  of  the  velocity  signal  in  Figure  4.11,  we  can  gain  some  insight 
into  the  transition  process  for  the  L2F  airfoil.  The  contour  scales  for  all  three  Re  are  the  same 
as  the  L1M  for  ease  of  comparison.  For  Re  =  25 k,  the  combination  of  negative  skew  and  positive 
kurtosis  occurs  near  54.9%SSL  not  in  the  near- wall  location  but  just  above  at  1.4%  axial  chord  above 
the  surface.  This  location  even  so  slightly  away  from  the  wall  suggests  a  separated-flow  transition, 
even  though  the  maximum  unsteadiness  suggests  an  attached-flow  transition.  This  contradiction 
again  lends  support  to  the  argument  that  very  thin  bubble  separated-flow  cases  may  transition  as  if 
attached.  Again  we  notice  regions  of  alternating  sign  skew  progressing  downstream  and  away  from 
the  surface  with  downstream  distance,  signaling  the  interplay  between  the  laminar  and  turbulent 
pockets.  Increasing  Re  to  50 k  sends  the  skew-kurtosis  condition  upstream  to  48.1%SSL  in  the  near¬ 
wall  location,  signaling  an  attached-flow  transition.  The  same  trend  applies  to  Re  =  75 fc,  where  the 
skew-kurtosis  condition  appears  at  44.8%SSL,  even  though  now  the  skew  has  reached  minimal  levels 
when  compared  to  the  other  5  cases.  Both  skew  and  kurtosis  continue  to  occur  away  from  the  wall 
with  downstream  distance. 

Figure  4.12  presents  intermittency  contours  obtained  through  Clark’s  algorithm  for  both  airfoils 
at  all  three  Re.  The  L2F  regions  of  intermittency  remain  below  the  regions  for  the  L1M  for  all  three 
Re  tested,  even  though  the  L1M  Re  =  75 k  case  approaches  the  lower  height  of  the  L2F  Re  =  75 k 
case.  For  example,  the  maximum  surface-normal  height  of  the  intermittency  distributions  for  the 
L2F  at  Re  =  25 k  is  nearly  10%  axial  chord,  while  the  L1M  reaches  above  30%  of  its  axial  chord. This 
trend  is  expected  since  previous  discussion  has  concluded  the  L2F  Reynolds  characteristic  behaves 
more  like  attached- flow  transition  while  the  L1M  may  experience  a  low  Reynolds  regime  of  clearly 
separated-flow  transition  with  its  increased  losses  seen  back  in  Figure  4.1.  Classical  methods  of 
transition  identification  normally  consider  the  first  appearance  of  intermittency  as  the  location  of 
transition  onset,  and  this  trend  will  continue  here.  As  this  work  considers  two  separate  methods 
of  transition  onset  identification  (skew-kurtosis  criterion  and  intermittency),  both  methods  will  be 
used  later  in  their  own  constructions  of  transition  parameters  and  compared  against  the  models 
presented  in  Figure  2.3. 

At  Re  =  25 k  for  the  L1M,  the  first  appearance  of  intermittency  occurs  at  52.6%SSL,  just  9.9%SSL 
downstream  of  where  unsteadiness  (urms/Uin)  first  appears.  Figure  4.12(a)  shows  this  occurs  away 
from  the  wall  in  the  separated  shear  layer  of  the  stalled  L1M.  Transition  to  turbulence  never  fully 
completes,  and  the  intermittency  eventually  dies  out  by  89.5%SSL.  The  L2F  in  Figure  4.12(b) 
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(a)  L1M,  Re  =  25 k. 
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Figure  4.12:  L1M  and  L2F  intermittency  contours. 
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resembles  an  attached  flow  intermittency  pattern  with  its  core  closer  to  the  wall  than  the  L1M  at 
Re  =  25 k.  Intermittency  first  increases  near  54.9%SSL,  just  2.3%SSL  downstream  of  where  urms 
does  the  same.  This  distance  from  initial  unsteadiness  to  the  start  of  transition  (intermittency) 
is  shorter  for  the  L2F  than  the  L1M,  suggesting  the  L2F  forces  a  stronger  bursting  of  turbulent 
energy  when  the  flow  finally  begins  to  transition.  Increasing  Re  to  50 k,  the  L1M  intermittency  now 
resembles  that  of  an  attached  flow  where  the  maximum  intermittency  follows  the  urms  location 
near  the  wall.  Here  intermittency  first  occurs  near  60.1%SSL,  7.5%SSL  downstream  of  the  initial 
unsteadiness.  Figure  4.12(c)  shows  the  intermittency  peaks  near  66.9%SSL  at  0.91  and  then  begins 
to  drop  with  downstream  distance.  The  turbulence  spreads  away  from  the  wall,  mixes  with  the 
freestream  and  then  experiences  some  level  of  decay  where  the  intensity  decreases.  Remembering 
the  L1M  loss  knee  in  Figure  4.1  begins  to  level  out  around  Re  =  50 k,  we  see  the  transition  helps 
the  L1M  re-energize  the  boundary  layer  for  higher  Re,  providing  a  reduced  overall  loss  than  the 
massively  separated  condition.  The  L2F  at  Re  =  50 k  in  Figure  4.12(d)  sees  the  first  burst  of 
intermittency  near  48.1%SSL  in  the  near- wall  location,  the  same  profile  location  where  unsteadiness 
was  first  noticed.  Again  the  L2F  aerodynamics  reduces  the  surface-normal  extent  of  turbulence 
over  the  L1M,  and  again  we  notice  an  incomplete  transition  after  the  peak  intermittency  of  0.79  at 
65.3%SSL.  Since  the  L1M  peak  value  is  higher  than  the  L2F  peak  at  Re  =  50/c,  the  L1M  experiences 
a  slightly  greater  degree  of  turbulent  bursting  than  the  L2F,  although  the  L2F  transitions  well 
before  the  L1M.  Increasing  Re  to  75 k  in  Figures  4.12(e)  and  4.12(f)  shows  intermittency  patterns 
which  are  classically  thought  of  when  transition  to  turbulence  completes:  a  laminar  flow  begins 
to  transition  and  eventually  goes  fully  turbulent  to  remain  turbulent  thereafter.  Intermittency 
increases  near  60.1%SSL  for  the  L1M,  a  distance  of  7.5%SSL  downstream  of  initial  urms ;  the  L2F 
again  sees  intermittency  at  the  same  location  as  urms  at  44.8%SSL.  This  trend  again  suggests  the 
L2F  transition  mechanism  is  much  more  efficient  at  promoting  transition  than  the  L1M,  where  initial 
urms  takes  longer  to  initiate  transition  (intermittency). 

Another  way  of  looking  at  the  unsteady  development  for  each  airfoil  is  to  examine  the  centroids 
of  urms/Uin  and  intermittency  at  each  profile  location  and  examine  where  the  maximums  occur 
compared  to  the  centroid  locations,  which  provide  information  such  as  where  the  core  of  unsteady 
activity  is  located  at  each  profile.  The  centroids  are  constructed  with  the  non-dimensional  surface- 
normal  distance  as  the  y-axis  and  the  non-dimensional  parameter  value  as  the  x-axis.  Using  this 
methodology,  the  area  of  urms/Uin  and  intermittency  (7)  at  each  profile  location  can  be  thought 
of  as  the  total  activity  at  that  location.  The  xbar  components  represent  the  strength  of  the  core 
defined  by  the  centroid,  while  the  ybar  components  represent  the  non-dimensional  surface-normal 
distance  of  the  core.  The  ymax  tag  identifies  the  non-dimensional  surface-normal  distance  where  the 
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maximum  value  is  located.  Figures  4.13  and  4.14  present  this  data  against  percent  suction  surface 
distance  along  with  boundary  layer  and  momentum  thicknesses  for  the  L1M  and  L2F  airfoils.  The 
y-axis  of  these  graphs  represents  y/Bx  for  the  ybar,  ymax,  6,  and  6  plots,  and  is  the  total  area  value 
or  xbar  of  the  centroid  for  the  area  and  xbar  plots. 

In  Figure  4.13(a)  for  the  L1M  at  Re  =  25 k,  the  urms/Uin  area  increases  at  42.7%SSL  where 
the  first  sign  of  unsteadiness  appeared  in  Figure  4.8.  A  sharp  jump  is  seen  before  the  shear  layer 
detachment  at  47.5%SSL  both  in  the  urms/Uin  area  and  now  xbar,  or  magnitude  of  the  core  location. 
This  location  also  marks  where  transition  onset  occurs  using  the  skew-kurtosis  condition.  The 
strength  of  the  core  continues  to  rise  until  nearly  60%SSL,  where  it  levels  off  through  to  the  last 
profile  at  89. 5% SSL.  This  leveling  off  location  corresponds  roughly  to  where  the  width  of  the  most 
turbulent  portions  of  the  urms/Uin  profiles  slow  their  streamwise  growth.  The  area,  or  total  activity, 
continues  to  grow  unbounded  just  as  expected  from  earlier  urms  contours.  The  ybar  and  ymax 
locations  appear  to  remain  congruent  throughout  the  measured  zone,  indicating  the  unsteady  activity 
is  mostly  centralized.  Figure  4.13(b)  shows  the  small  burst  in  intermittency  appears  in  the  regions 
which  grow  just  after  where  the  urms  begins,  with  a  resulting  increase  in  boundary  layer  height  and 
momentum  thickness.  Near  39.9%SSL  the  maximum  intermittency  bursts  away  from  the  surface 
near  0.05  y/Bx ,  vanishes  after  42.7%SSL,  and  has  another  brief  burst  again  at  the  same  approximate 
height  near  54%SSL.  The  onset  of  transition  obtained  with  an  intermittency  level  above  0.02  (above 
the  threshold  using  Clark’s  algorithm)  occurs  at  49.5%SSL  for  the  L1M  at  Re  =  25 k.  The  maximum 
intermittency  occurs  below  the  core  intermittency.  Progressing  downstream  increases  the  boundary 
layer  thicknesses  with  continuing  unsteadiness  and  dying  intermittency.  The  core  and  maximum 
urms  occur  under  the  boundary  layer  until  52.6%SSL,  after  which  the  core  and  maximum  urms  he 
outside  the  boundary  layer  and  into  the  freestream.  Core  intermittency  lies  inside  the  boundary 
layer  over  the  entire  length  surveyed.  It’s  interesting  to  note  that  unsteadiness  continues  unbounded 
while  intermittency  levels  off  and  then  decreases.  The  maximum  unsteady  core  activity  occurs  at  the 
same  location  as  the  maximum  intermittency  core  near  62.3%SSL,  after  which  the  total  intermittency 
activity  begins  to  decline.  The  core  intermittency  strength  then  declines  at  a  much  faster  rate  than 
the  total  activity  (area),  while  the  total  unsteady  activity  (urms  area)  continues  to  grow  unbounded. 
This  may  support  the  argument  that  there  is  no  re-laminarization  as  intermittency  falls  off  since  the 
unsteadiness  continues  to  grow. 

Increasing  Re  to  50 k  for  the  L1M  in  Figure  4.13(c)  causes  a  small  jump  in  total  unsteady 
activity  away  from  the  wall  around  0.1  y/Bx  and  30%SSL  which  dips  at  37.2%SSL  then  resurges 
at  44.6%SSL.  The  total  activity  continues  to  increase  gradually  until  the  skew-kurtosis  transition 
onset  location  of  57.9%SSL,  where  it  grows  until  nearly  70%SSL.  A  small  dip  at  profile  locations  8, 
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Figure  4.13:  L1M  unsteady  development. 
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9,  and  10  can  be  seen  and  is  a  result  of  the  limited  profiles  available  in  those  locations;  the  data  in 
these  areas  is  believed  to  remain  consistent  with  surrounding  points.  The  same  trend  is  seen  in  the 
L1M  case  at  Re  =  75 &,  and  with  all  L2F  cases  at  profile  locations  7  and  8.  The  core  strength  (xbar) 
of  urms  activity  follows  the  total  activity,  again  suggesting  a  centralized  distribution  of  unsteady 
activity  which  remains  near  the  same  height  away  from  the  surface  all  along  the  blade,  as  seen 
with  the  near-constant  ybar  location.  This  ybar  location  is  outside  of  the  boundary  layer  until 
66.9%SSL,  where  it  remains  under  the  boundary  for  the  duration  of  suction  surface  tested.  The 
maximum  unsteadiness  remains  below  the  core  location  all  along  the  surface.  Figure  4.13(d)  shows 
transition  onset  by  intermittency  occurs  at  60.1%SSL  where  the  total  activity  far  surpasses  that  at 
Re  =  25 fc,  while  the  core  intermittent  activity  strengthens  and  then  decreases  after  70.0%SSL.  This 
core  intermittency  (greater  than  0.02)  remains  below  the  boundary  layer  at  all  times.  This  decrease 
in  core  strength  is  accompanied  by  an  increase  in  total  strength,  suggesting  the  turbulence  spreads 
more  rapidly  than  it  weakens,  covering  a  greater  physical  area  with  downstream  distance  at  the 
expense  of  core  strength.  Again  the  boundary  layer  thicknesses  begin  to  grow  near  the  point  where 
intermittency  increases  instead  of  where  unsteadiness  or  the  skew-kurtosis  condition  occurs. 

As  Re  is  increased  to  75 k  in  Figures  4.13(e)  and  4.13(f)  for  the  L1M,  another  jump  in  total 
and  core  urms  and  intermittency  is  seen  over  Re  =  25 k  and  50 k  as  expected  due  to  the  higher 
freestream  velocity.  The  gradual  buildup  in  total  urms  activity  begins  near  54.6%SSL  and  continues 
to  the  last  profile  at  89.5%SSL.  The  core  of  urms  activity  continues  growing  more  rapidly  after  the 
skew-kurtosis  transition  onset  at  57.9%SSL,  while  core  intermittent  activity  is  seen  to  rise  after  the 
intermittent  transition  location  of  60.1%SSL  up  to  its  maximum  strength  at  70.4%SSL.  Again  the 
trend  where  the  total  intermittency  grows  while  the  core  strength  declines  suggests  a  spreading  of 
intermittent  influence  while  trading  off  strength.  The  maximum  unsteady  and  intermittent  behavior 
continues  to  he  inside  the  core  locations  as  evidenced  by  comparison  of  the  ybar  to  ymax  plots.  The 
maximum  urms  and  maximum  and  core  intermittency  remain  below  the  boundary  layer,  while  the 
core  urms  is  generated  in  the  freestream  until  somewhere  between  72.8  and  75.1%SSL  where  it  shifts 
under  the  boundary  layer.  The  boundary  layer  thicknesses  again  grow  with  intermittency  instead  of 
with  unsteadiness.  This  trend  suggests  the  Clark  intermittency  algorithm  picks  up  on  the  activity 
that  is  somehow  linked  to  growth  in  boundary  layer  thicknesses.  This  makes  physical  sense  as  well, 
since  intermittency  is  associated  with  turbulent  eddies  which  by  their  nature  expand  and  mix  the 
local  fluid,  resulting  in  the  increase  in  boundary  layer  height.  The  original  purpose  of  the  algorithm 
was  to  track  turbulent  spots,  which  have  been  observed  to  cause  increases  in  displacement  and 
momentum  thicknesses  [Clark  et  al.  1994a].  It  is  encouraging  that  the  current  data  sets  and  the 
previous  development  of  the  algorithm  show  increases  in  boundary  layer  thicknesses  both  on  and 
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Figure  4.14:  L2F  unsteady  development. 
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away  from  the  wall  as  intermittency  increases. 

The  centroids  of  urms  and  intermittency  for  the  L2F  airfoil  are  presented  in  Figure  4.14  for 
all  three  Reynolds  numbers.  At  Re  =  25 k  in  Figures  4.14(a)  and  4.14(b),  we  immediately  notice 
a  lower  range  of  parameter  values  when  compared  to  any  of  the  L1M  cases.  Compared  to  the 
L1M  at  Re  =  25 k,  the  L2F  has  a  reduced  total  urms  activity  which  begins  to  rise  near  52.6%SSL, 
just  before  the  skew-kurtosis  transition  at  54.9%SSL.  The  core  strength  also  begins  to  rise  near 
52.6%SSL  and  continues  to  increase  while  the  total  activity  levels  off  after  its  peak  at  70.0%SSL. 
This  trend  suggests  the  L2F  unsteady  activity  becomes  more  compact  after  70.0%SSL  since  the  total 
activity  remains  constant  while  the  core  strength  increases.  The  maximum  unsteadiness  remains 
under  the  boundary  layer  for  most  of  the  blade,  while  the  core  urms  remains  outside  the  boundary 
layer  until  65.3%SSL  where  it  shifts  underneath.  Again  we  see  the  rise  of  the  boundary  layer 
thicknesses  with  intermittency  near  54.9%SSL,  while  soon  after  the  core  of  intermittent  activity 
falls  significantly  lower  to  remain  under  the  boundary  layer.  Just  as  with  the  L1M,  the  L2F  core 
intermittency  falls  under  the  boundary  layer  just  as  it  begins  to  grow.  It’s  interesting  to  note  the 
L2F  urms  activity  continues  to  rise  while  the  intermittency  total  activity  peaks  near  72.4%SSL  and 
then  begins  to  decline  as  the  core  shifts  under  the  boundary  layer.  This  intermittency  core  however 
peaks  slightly  earlier  than  the  total  activity  around  65.3%SSL,  suggesting  an  expansion  of  influence 
at  the  expense  of  core  strength.  After  that,  both  core  and  total  strength  decline.  The  maximum 
urms  and  intermittency  locations  remain  relatively  coincident  under  the  boundary  layer  at  all  times. 

As  Reynolds  number  is  increased  to  50 k  in  Figures  4.14(c)  and  4.14(d),  there  is  an  increase  in  core 
and  total  urms  activity  over  Re  =  25k,  which  is  again  expected  since  the  faster  freestream  supplies 
more  energy  to  the  unsteadiness.  Again  we  see  a  rise  in  core  urms  activity  at  the  skew-kurtosis 
onset  location  of  48.1%SSL,  which  is  immediately  followed  by  a  rise  in  core  intermittent  activity 
at  the  intermittency  onset  location  of  50.3%SSL.  Unlike  Re  =  25 k  however,  this  time  the  core  and 
total  unsteadiness  continue  to  rise  to  the  last  profile  at  90.4%SSL,  suggesting  a  continual  growth 
in  unsteady  energy.  This  is  not  true  for  intermittency,  as  its  core  gains  strength  until  63.0%SSL 
and  then  slightly  decreases,  while  the  total  intermittent  activity  seems  to  grow  until  the  last  profile 
location.  Again  this  indicates  a  spreading  influence  of  turbulence  as  it  loses  strength  for  coverage. 
The  maximum  and  core  intermittency  remains  under  the  boundary  layer,  while  the  core  unsteadiness 
remains  outside  until  72.8%SSL  where  it  falls  under  the  boundary  layer. 

A  further  increase  to  Re  =  75 k  in  Figures  4.14(e)  and  4.14(f)  again  shows  the  expected  increase 
in  total  and  core  urms  activity  with  the  increased  levels  over  the  Re  =  25 k  and  50 k  cases.  Here 
the  initial  unsteady  growth  is  seen  at  44.8%SSL,  the  same  location  as  the  intermittency  rise  and 
transition  onset  location  defined  by  both  skew-kurtosis  and  intermittency.  Here  again  the  total 
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and  core  urms  activity  continue  to  increase  through  the  measured  region.  The  intermittency  core 
strength  levels  off  after  63.0%SSL  while  the  total  activity  remains  growing  until  the  end.  This  again 
suggests  a  spreading  of  turbulent  influence  as  core  strength  remains  constant,  a  trend  also  seen  back 
in  the  contour  of  Figure  4.12(f).  The  core  and  maximum  intermittency  remains  below  the  boundary 
layer  again,  while  the  core  unsteadiness  falls  under  the  boundary  layer  only  after  79.6%SSL. 

As  expected  from  these  plots,  we  notice  the  boundary  layer  height  decreases  in  size  with  increasing 
Re  for  both  airfoils.  The  total  urms  and  intermittency  activities  (areas)  also  increase  with  Re  due 
to  the  faster  fluid  pumping  more  energy  into  the  unsteady  processes.  The  L2F  levels  remain  below 
the  L1M  however,  even  though  transition  initiates  earlier.  We  also  see  that  the  core  of  urms  is 
closely  tied  to  the  skew-kurtosis  onset  condition.  This  makes  physical  sense,  because  the  skew  and 
kurtosis  are  measures  of  the  quality  of  the  velocity  signal,  i.e.  they  measure  the  departure  from 
the  unfluctuated  state.  So  as  variation  is  introduced  in  velocity  due  to  a  transition  or  unsteady 
process,  the  core  urms  also  reflects  this  change.  We  also  see  that  the  core  urms  remains  outside  of 
the  boundary  layer  for  longer  distances  before  falling  under  as  Re  is  increased;  these  occurrences 
are  at  52.6,  66.9,  and  72.8%SSL  for  the  L1M  and  65.3,  72.8,  and  79.6%SSL  for  the  L2F.  This  is 
because  the  faster  freestream  initiates  unsteadiness  earlier  while  simultaneously  forcing  the  lower 
boundary  layer  height.  Thus  we  see  a  more  forward-loaded  blade  maintains  its  core  unsteady  activity 
outside  of  the  boundary  layer  further  downstream  than  the  mid-loaded  airfoil,  even  though  the  total 
unsteadiness  is  not  greater  in  the  wake  (Table  G.3(b)).  This  difference  may  help  explain  why  an 
earlier  transition  with  a  lower  amount  of  total  unsteadiness  can  still  maintain  a  well-behaved  flowfield 
even  at  lower  Reynolds  numbers.  The  maximum  urms  remains  under  the  core  urms  at  all  times, 
signalling  that  unsteadiness  is  connected  to  the  presence  of  the  wall  boundary,  either  generated  or 
at  least  amplified  in  the  near  wall  region.  The  core  intermittency  decreases  its  strength  (xbar)  faster 
than  the  intermittent  total  activity  (area),  signalling  that  the  turbulent  activity  spreads  away  from 
the  wall  at  the  expense  of  core  strength.  The  boundary  layer  growth  is  connected  with  the  rise 
in  intermittency  and  not  the  rise  in  urms.  Therefore  the  mixing  caused  by  the  turbulent  eddies  is 
responsible  for  the  boundary  layer  growth  instead  of  general  flow  unsteadiness  (urms).  It  is  also 
interesting  to  note  that  unsteady  activity  can  increase  while  turbulent  activity  decreases,  showing 
unsteadiness  and  intermittency  are  not  direct  functions  of  each  other. 

4.3  S3F  Measurements 

As  mentioned  earlier,  thermal  anemometry  requires  the  positioning  of  a  probe  throughout  the  flow- 
field  in  order  to  acquire  information.  This  technique  is  limited  near  surfaces,  since  the  thin  sensor 
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element  cannot  touch  any  object  or  it  will  immediately  be  destroyed.  The  anemometry  results  pre¬ 
sented  in  the  last  section  illustrate  how  thin  the  separation  bubbles  in  this  study  truly  are  -  less 
than  1mm  in  the  surface-normal  direction.  As  such,  thermal  anemometry  was  unable  to  identify 
the  separation  dynamics  needed  to  validate  the  separated-flow  transition  model.  S3F  can  provide 
just  this,  as  it  measures  the  forces  directly  on  the  surface  instead  of  the  flowfield  above.  The  S3F 
tests  conducted  at  AFRL  were  completed  in  two  rounds;  the  first  placed  separate  patches  of  S3F 
for  the  leading  and  trailing  edges,  and  the  second  round  placed  one  continuous  patch  from  the  trail¬ 
ing  edge  to  nearly  42%SSL.  Round  1  results  were  intended  to  check  the  formulations  of  the  S3F 
sensor  and  make  sure  the  stiffness  was  properly  selected  for  the  local  stress  levels.  The  separation 
onset  locations  obtained  in  round  1  for  the  leading  edge  are  used  in  the  next  section  to  validate  the 
separated-flow  transition  model.  Round  2  examines  the  trailing  edge  region  with  another  S3F  patch, 
and  these  results  were  to  be  compared  with  the  round  1  trailing  edge  data  to  gain  more  insight  into 
the  data  reduction  process,  thus  helping  ISSI  obtain  a  better  feel  for  the  film’s  performance  over  two 
test  points  with  the  same  flow  conditions.  We’ll  see  later  that  obtaining  results  with  S3F  in  these 
low  flow  speeds  is  still  a  challenging  task,  as  round  1  produces  different  magnitude  friction  forces  on 
the  trailing  edge  than  round  2.  In  fact,  the  friction  patterns  are  also  different. 

Figure  4.15  presents  round  1  S3F  results  for  the  leading  edge  region  of  the  L2F  blade.  These 
results  cover  approximately  5  to  35%SSL.  Figures  4.15(a),  4.15(b),  and  4.15(c)  show  the  displacement 
maps  with  magnitude  as  the  colorbar,  and  are  oriented  with  the  flow  coming  from  the  right  and 
going  to  the  left.  These  figures  show  the  L2F  blade  indeed  separates,  as  the  nodal  line  of  separation 
can  be  seen  for  all  three  Re  where  the  downstream  (left)  facing  vectors  converge  with  the  upstream 
(right)  facing  vectors.  The  Re  =  25 k  case  shows  a  separation  line  which  is  a  function  of  airfoil  span 
(y-direction),  indicating  an  unsteady  separation  onset  location.  The  other  two  Re  maps  display  a 
separation  line  more  consistent  with  span,  and  is  located  slightly  further  downstream  than  Re  =  25 k. 
Figure  4.15(c)  also  indicates  a  small  separation  closer  to  the  leading  edge,  as  seen  with  the  nodal  line 
of  reattachment  where  the  vectors  diverge  away  from  the  line.  During  the  course  of  the  S3F  round 
2  tests,  we  found  the  blades  slightly  twist  under  the  wind-on  loaded  state,  and  this  may  explain 
why  the  nodal  line  of  reattachment  seen  in  the  bottom  portion  does  not  exist  in  the  upper  portion. 
This  twisting  may  in  fact  cause  the  slight  separation  seen  in  this  figure.  Figure  4.15(d)  presents 
the  information  which  will  be  used  in  validating  the  separated-flow  transition  model.  This  figure 
presents  the  streamwise  (x-dir)  and  transverse  (y-dir)  surface  shear  results  averaged  over  the  span 
for  the  maps  presented  in  Figures  4.15(a),  4.15(b),  and  4.15(c).  Here  the  flow  is  coming  from  the 
left  going  to  the  right,  so  positive  friction  is  directed  downstream  and  negative  friction  is  directed 
upstream,  indicating  the  reverse  flow  inside  of  a  separation  bubble.  The  small  magnitude  transverse 
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(a)  Re  =  25 k. 


(b)  Re  =  50 k. 


(c)  Re  =  75 k. 


(d)  Composite. 

Figure  4.15:  S3F  round  1:  Force  distributions  near  L2F  leading  edge,  5-35%SSL. 

friction  (y-dir)  indicates  a  mostly  two-dimensional  flow  for  all  three  Reynolds  numbers  with  slight 
variation  possibly  due  to  the  slight  twisting  of  the  blade  under  the  applied  load.  The  streamwise 
surface  shear  (x-dir)  for  Re  =  25 k  indicates  a  separation  at  approximately  26%SSL  where  the  friction 
changes  sign  from  positive  (downstream)  to  negative  (upstream).  This  location  will  be  used  later 
to  validate  the  separated-flow  transition  model,  where  the  model  information  will  be  taken  from 
the  nearest  boundary  profile  at  25.2%SSL.  Increasing  Re  moves  this  separation  location  slightly 
further  downstream,  where  the  Re  =  50 k  case  is  just  upstream  of  the  75 k  case.  Model  validation  for 
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these  two  latter  cases  will  require  boundary  information  from  their  nearest  profile,  both  selected  as 
28.0%SSL.  Also  as  expected  in  this  figure  we  see  that  friction  is  proportional  to  and  increases  with 
Re.  Table  4.5  shows  the  experimental  separation  onset  locations  along  with  Wildcat  predictions  in 
percent  suction  surface  distance.  All  predicted  onset  locations  occur  further  downstream  than  those 
found  by  experiment,  although  the  proximity  of  the  two  methods  is  encouraging. 


Table  4.5:  L2F  separation  onset  locations 
[%SSL]. 


Method 

Re  =  25  k 

Re  =  50  k 

Re  =  75  k 

S3F 

25.2 

28.0 

28.0 

Wildcat 

27.5 

29.0 

29.0 

Figure  4.16:  S3F  round  1:  Force  distributions  near  L2F  trailing  edge,  67-100%SSL. 

Figure  4.16  presents  the  round  1  streamwise  S3F  results  for  all  three  Re  from  67%SSL  to  the 
trailing  edge  of  the  L2F  airfoil.  Again  the  flow  is  left  to  right,  so  a  positive  shear  stress  indicates 
downstream  flow  while  a  negative  stress  indicates  upstream  flow  (separation).  This  figure  shows  the 
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friction  forces  experienced  in  this  flow  at  the  trailing  edge  are  less  than  1  Pascal.  We  also  see  that 
the  Re  =  25 k  and  50 k  cases  are  separated  by  the  beginning  of  the  patch,  and  both  reattach  near  92- 
94%SSL.  It  is  not  clear  whether  or  not  the  separation  noticed  here  is  continued  from  the  leading  edge 
or  if  it  caused  by  a  disturbance  of  the  film’s  upstream  edge.  The  Re  =  75 k  case  appears  attached 
as  the  patch  begins,  signalling  that  the  separation  near  28%SSL  must  have  reattached  somewhere 
before  67%SSL.  The  flow  again  briefly  separates  near  77%SSL  and  then  quickly  reattaches  before 
the  end  of  the  blade  near  92%SSL.  This  flow  description  will  be  contradicted  by  the  round  2  results, 
again  showing  the  difficulty  experienced  when  resolving  friction  forces  on  the  order  of  1  or  less 
Pascals.  Again  we  must  remember  we  are  trying  to  not  only  resolve  such  low  differences  in  friction 
which  is  a  great  achievement  in  its  own  right,  but  we  are  also  simultaneously  cancelling  model  and 
tunnel  movement. 


Figure  4.17:  S3F  round  2:  Friction  force  distributions  on  L2F,  flow  left  to  right,  42-100%SSL. 

Figure  4.17  presents  the  second  round  of  S3F  results  for  the  L2F  airfoil  using  the  single  continuous 
patch  on  the  latter  portion  of  the  airfoil.  In  this  figure,  two  data  sets  have  been  combined  into  one 
global  picture,  each  data  set  separated  by  a  small  distance  in  the  middle  of  the  plot.  Breaking  up  the 
data  set  into  two  areas  was  necessary  to  maintain  proper  camera  resolutions  and  focusing  over  the 
large  patch  covering  a  substantial  length  of  the  trailing  edge  region.  This  figure  shows  time-averaged 
friction  force  distributions  for  the  L2F  airfoil  over  Reynolds  numbers  from  30 k  to  75 k  covering  41.8 
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to  100%SSL.  Again  the  flow  is  from  left  to  right,  so  positive  shear  indicates  downstream  flow  and 
negative  shear  indicates  reverse  flow  in  a  separation  bubble.  During  this  round  of  S3F  tests,  it  was 
initially  found  that  the  tunnel  vibration  induced  inaccuracies  in  the  data  reduction  due  to  excess 
pixel  movement.  The  sensitivity  of  S3F  dictates  that  even  a  few  pixels  of  model  or  tunnel  movement 
registered  by  the  CCD  camera  must  be  cancelled  out  in  order  to  provide  accurate  results.  In  addition, 
it  was  further  found  that  the  blades  twist  under  the  applied  wind  load,  which  further  complicates 
the  reduction  routine.  In  order  to  alleviate  these  problems,  the  camera  and  LED  apparatus  were 
bolted  to  the  tunnel  and  a  strip  of  marker  dots  were  applied  to  the  blade  surface  under  the  S3F 
patch,  providing  a  means  to  cancel  model  movement  during  data  reduction. 

It  should  again  be  noted  these  round  2  results  show  a  different  flow  pattern  than  the  earlier 
round  1  results.  This  discrepancy  illustrates  the  reduction  process  still  needs  more  development 
before  accurate  skin  friction  can  be  obtained  at  the  flow  speeds  encountered  in  this  work.  Looking 
at  the  trailing  data  set  (right  side),  an  obvious  difference  between  round  1  and  2  results  is  how  the 
L2F  airfoil  remains  separated  through  to  the  trailing  edge,  since  the  friction  forces  at  the  trailing 
edge  (right  side)  remain  negative,  indicating  an  upstream-directed  friction  force  on  the  surface.  In 
fact,  the  flow  must  remain  separated  at  the  trailing  edge  more  often  than  not  or  the  time-averaged 
friction  would  be  positive  (facing  downstream).  This  is  in  direct  contradiction  to  round  1  S3F  and  to 
Wildcat’s  CFD  predictions.  For  Re  equal  to  30 &,  35 &,  and  45/c,  the  L2F  experiences  lower  friction 
levels  on  the  order  of  0  -  1  Pascals;  again,  these  levels  do  not  agree  with  round  1  results.  The 
Re  =  45 k  case  also  sees  higher  amplitude  frequency  content  compared  to  30 k  and  35 &,  seen  by 
the  waviness  of  the  friction  profile.  There  is  also  an  abrupt  reattachment  that  almost  immediately 
returns  separated  near  72%SSL,  as  seen  by  the  positive  hump  in  friction.  Friction  levels  again 
increase  for  Re  equal  to  50 &,  60 k,  and  65 k,  averaging  nearly  a  1.5  Pascal  difference  between  the 
loaded  (wind-on)  and  unloaded  (wind-off)  states.  This  could  be  due  to  an  earlier  transition  with 
increased  Reynolds  number  causing  a  more  turbulent  flow  to  inflict  a  heavier  degree  of  friction  on 
the  surface.  Increasing  to  Re  =  70 k  increases  the  overall  friction  as  expected,  but  we  see  some 
discrepancy  for  the  Re  =  75 k  case  where  the  negative  friction  force  increases  its  magnitude  as  you 
progress  upstream.  This  result  seems  non-physical  since  the  friction  due  to  an  increase  in  turbulent 
activity  should  increase  over  lower  Reynolds  numbers,  and  maintain  a  gradual  decrease  with  distance 
to  the  trailing  edge  of  the  airfoil.  The  pattern  seen  in  Figure  4.17  shows  a  different  story  where  the 
surface  shear  under  the  separation  bubble  decreases  magnitude  much  differently  than  the  other  flow 
speeds. 

The  left  side  of  Figure  4.17  shows  the  upstream  portion  of  the  S3F  patch  along  41.8  to  67.9%SSL, 
where  separation  onset  locations  can  be  seen  as  the  shear  stress  goes  from  positive  (facing  down- 
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stream)  to  negative  (facing  upstream).  For  comparison  reasons,  the  separation  onset  locations  for 
Re  equal  to  25 k  and  75 k  will  also  be  constructed  for  model  validation  in  the  next  section.  For 
Re  =  25 k,  the  friction  peaks  near  57.8%SSL,  and  separation  onset  is  seen  to  occur  at  42.6%SSL.  As 
Re  increases  to  30 fc,  the  friction  peak  migrates  upstream  to  nearly  52.6%SSL,  and  the  separation 
onset  moves  downstream  as  expected  to  43.8%SSL.  A  further  increase  to  Re  =  35 k  moves  separation 
onset  to  41.8%SSL,  a  trend  which  suggests  an  unsteady  separation  onset  location  which  varies  with 
Reynolds  number.  Moving  ahead  to  Re  =  75 k,  separation  onset  occurs  at  the  same  location  as  for 
Re  =  25 k,  at  42.6%SSL.  Two  anomalies  are  noticed  in  this  figure,  where  the  magnitude  of  friction 
for  Re  =  40 k  and  45 k  surpass  25 k  and  75 &,  an  unexpected  result.  These  anomalies  suggest  the 
round  2  results  are  not  as  accurate  as  the  round  1  results.  Oil- film  measurements  are  planned  to 
verify  these  trends  and  other  traces  to  ensure  they  are  not  a  result  of  the  S3F  patch  disturbances 
and  to  see  if  they  truly  represent  physical  phenomena. 

4.4  Transition  Model  Validation 

This  section  collects  data  presented  in  earlier  sections  in  order  to  test  the  validity  of  the  separated- 
flow  and  attached- flow  transition  models.  Wildcat  predictions  of  transition  model  quantities  are  also 
included  for  comparison  where  appropriate.  It  was  initially  intended  that  this  study  would  validate 
the  separated-flow  transition  model  used  during  the  design  process  of  the  L2F  airfoil.  Wake  traverse 
and  thermal  anemometry  results  presented  earlier  suggest  the  L2F  flow  behaves  more  like  attached 
flows  instead  of  separated  flows,  but  the  S3F  friction  measurements  (and  Wildcat  predictions)  clearly 
indicate  a  separated  flow.  As  such,  both  situations  will  be  formulated  with  available  data  and 
compared  to  model  equations.  Wildcat  predictions  showed  separation  bubbles  which  should  have 
been  resolved  by  examining  the  flowfield  1mm  up  from  the  surface  of  the  blade  (as  close  as  this 
author  was  comfortable  going  next  to  the  surface  with  a  boundary  layer  traverse  which  was  manually 
positioned).  However,  during  the  course  of  this  work,  these  separation  bubbles  are  found  to  be  much 
thinner  than  expected,  and  as  such  the  behavior  of  the  airfoils  resembled  that  of  attached  flow  and 
attached-flow  transition.  In  addition,  the  separated-flow  transition  model  requires  knowledge  of  the 
separation  onset  location,  and  thermal  anemometry  using  the  0.4  *  max(C/mean)  criterion  to  judge 
separation  locations  as  used  by  other  published  work  when  employing  single  normal  hot-film  sensors 
(which  provide  only  magnitude,  not  direction)  to  resolve  the  boundary  layer  was  insufficient  to 
provide  the  required  information.  This  criterion  proved  unsuccessful  in  identifying  an  onset  location 
more  upstream  of  the  transition  locations  for  the  L1M  Re  =  25 k  and  50 k  tests.  Therefore,  transition 
locations  identified  by  the  skew-kurtosis  condition  and  intermittency,  along  with  separation  onset 
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locations  obtained  through  the  S3F  technology  will  be  used  for  comparison  to  the  model  equations. 
Table  4.6:  Attached-flow  transition  model  experimental  conditions*. 


Variable 

Original 

Range 

Re  =  25A;t 

L1M 

Re  =  50  k 

Re  =  75  k 

Re  =  25  k 

L2F 

Re  =  50k 

Re  =  75  k 

Reo 

73  -  856 

171/217 

87/89 

157/154 

54/70 

97/95 

148 

K- 106 

-1.9  -  4.8 

-2.8/-1.6 

-3.2/-4.0 

-2.5/-3.0 

-7.3/-7.5 

-3.6/-3.6 

-2.3 

K- Re2 

-0.15  -  0.06 

-.08/-. 08 

-.02/-. 03 

-.06/-. 07 

-.02/-. 04 

-.03/-. 03 

-.05 

M 

0.05  -  1.24 

<  0.2 

<  0.2 

<  0.2 

<  0.2 

<  0.2 

<  0.2 

Tg/Tw 

1.0  -  1.41 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Tu[%] 

0.11  -  5.09 

3. 3/7.0 

3. 9/7.4 

2. 6/4. 3 

5. 4/6. 4 

CO 

CO 

Or 

to 

2.4 

x/e 

4.26  -  66.2 

117/59.2 

26.3/33.6 

38.3/31.4 

44.5/30.6 

37.3/28.4 

34.5 

Pr 

0.71  -  0.71 

0.71 

0.71 

0.71 

0.71 

0.71 

0.71 

*  Some  boxes  contain  two  values  separated  by  ‘/’,  the  first  using  the  skew-kurtosis  condition  to 
identify  transition  onset,  the  second  using  intermittency. 
t  Stalled  condition. 

Tables  4.6  and  4.7  present  the  range  of  experimental  conditions  over  which  the  attached- flow  and 
separated-flow  transition  models  were  originally  formulated,  as  well  as  the  experimental  conditions 
of  the  current  study.  The  attached-flow  conditions  are  taken  where  transition  onset  occurs,  and 
include  the  momentum  thickness  Reynolds  number,  the  K  acceleration  parameter  (Equation  3.17), 
the  Pohlhausen  pressure  gradient  parameter  defined  as  K  •  Re#,  the  local  Mach  number  M,  the  gas 
to  wall  temperature  ratio  Tg/Tw ,  local  percent  turbulence  Tu ,  the  ratio  of  integral  length  scale  to 
momentum  thickness  A/0,  and  the  Prandtl  number,  Pr.  The  separated-flow  conditions  are  taken  at 
the  location  of  separation  onset,  and  include  the  momentum  thickness  Reynolds  number  Ree-sep , 
the  ratio  of  the  length  from  separation  to  transition  divided  by  the  suction  surface  distance  to 
separation  onset  L/ Sseparatiom  M,  Tg/Tw ,  Tiq  Pr,  the  ratio  of  turbulent  eddy  integral  length  scale 
to  momentum  thickness  (A /  6)  separatiom  and  K  •  Re^. 

Except  for  the  stalled  L1M  at  Re  =  25 k,  all  tests  exhibit  boundary  layer  characteristics  similar 
to  those  used  during  the  attached-flow  model  development,  as  seen  by  the  ranges  of  Reg  and  A/0  in 
Table  4.6.  The  levels  of  acceleration  are  a  different  matter,  however,  as  all  cases  except  the  Re  =  25 k 
L2F  using  the  skew-kurtosis  condition  for  transition  onset  exceed  the  acceleration  or  deceleration 
used  for  initial  model  development.  The  degree  of  deceleration  far  exceeds  initial  levels,  as  these 
airfoils  experience  a  greater  total  adverse  pressure  change  on  the  suction  surface  which  must  be 
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overcome.  Thwaites’  separation  criterion  [White  2006]  says  any  flow  experiencing  a  deceleration 
greater  (more  negative)  than  -0.09  based  on  K  •  Re 2e  will  undergo  separated  flow;  the  decelerations 
experienced  by  these  airfoils  at  transition  onset  are  approaching  but  remain  less  than  this  value, 
so  separation  can  not  be  guaranteed  solely  on  the  basis  of  deceleration.  This  is  a  direct  result  of 
the  spreading  of  the  adverse  pressure  gradient  over  the  L1M  and  L2F  airfoils.  The  low  loss  levels 
seen  in  Figure  4.1  for  these  airfoils  at  the  transition  onset  decelerations  seen  in  this  table  are  a 
good  indication  of  the  effectiveness  of  the  current  design  philosophy  (move  loading  and  transition 
upstream)  and  modeling  capability  to  extend  the  design  space  for  higher- work  turbomachinery  blade 
designs.  The  levels  of  local  boundary  edge  turbulence  also  extend  beyond  the  initial  range,  which 
would  be  a  welcome  addition  considering  the  higher  levels  of  localized  turbulence  seen  in  a  real  gas 
turbine  engine. 


Table  4.7:  Separated-flow  transition  model  experimental  conditions*. 


Original 

L2F 

Variable 

Range 

Re  =  25  k 

Re  =  50fc 

Re  =  75  k 

R^O-sep^ 

29  -  360 

54.6  (86.3) 

107.2  (130.1) 

140.0  (161.3) 

D  j  S separation^ 

0.1  -  3.1 

1.2/1. 3  (0.8) 

0. 7/0.8  (0.5) 

0.6  (0.4) 

M 

0.1  -  0.8 

<  0.2 

<  0.2 

<  0.2 

Tg/Tw 

1.0  -  1.1 

1.0 

1.0 

1.0 

Tu[%] 

0.14  -  2.9 

1.8 

1.6 

1.7 

Pr 

0.71 

0.71 

0.71 

0.71 

(^  /  0^)  separation 

13  -  540 

333 

565 

688 

K-Re2e 

-0.98  -  -0.03 

-0.004 

-0.004 

-0.014 

*  Some  boxes  contain  two  values  separated  by  ‘/’,  the  first  using  the  skew- 
kurtosis  condition  to  identify  transition  onset,  the  second  using  intermit- 
tency. 

t  Wildcat  predictions  for  Reo-sep  and  L / S separation  are  included  in  parenthe¬ 
ses. 

Table  4.7  shows  the  experimental  conditions  for  the  L2F  are  mostly  within  those  used  for  the 
separated-flow  transition  model  development;  since  the  S3F  sensor  was  only  applied  to  the  L2F 
airfoil,  no  separation  onset  location  was  identified  for  the  L1M.  The  first  variant  is  the  ratio  of 
integral  length  scale  to  momentum  thickness  for  Re  =  50 k  and  75 &,  which  exceeds  the  upper  bound 
used  for  model  development.  This  implies  one  of  three  conditions:  either  the  eddy  lengths  are  larger 
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than  found  in  development,  the  momentum  thicknesses  are  smaller  due  to  a  more  energy-preserved 
boundary  layer,  or  a  combination  of  the  two.  The  second  variant  is  the  range  of  the  Pohlhausen 
pressure  gradient  parameter  (K-Reg),  where  all  three  Reynolds  numbers  experience  less  deceleration 
than  cases  used  for  model  development.  This  is  due  to  the  forward  loading  characteristic  of  the  L2F, 
where  a  higher  total  pressure  change  from  the  leading  edge  to  the  trailing  edge  was  spread  over  more 
suction  surface  distance,  allowing  the  smaller  pressure  gradient  at  separation  onset.  This  table  also 
shows  Wildcat  predictions  of  momentum  thickness  remain  above  the  experimentally  determined 
values.  This  means  Wildcat  predicts  more  lost  momentum  by  separation  onset  than  found  by 
experiment,  a  trend  opposite  than  expected  since  the  predictions  do  not  account  for  the  effects 
of  freestream  unsteadiness  on  pre-transit ional  boundary  layers.  Remembering  the  separated- flow 
model  (Equation  2.7),  this  greater  momentum  thickness  causes  a  shorter  length  from  separation  to 
transition  onset,  a  trend  also  observed  in  Table  4.7.  Overall,  the  current  tests  extend  the  validation 
of  the  separated-flow  transition  model  for  airfoils  with  higher  loading  levels  at  similar  conditions 
with  less  deceleration  at  separation  onset  compared  to  those  test  cases  used  for  model  development. 


Table  4.8:  Transition  onset  locations  [%SSL]. 


L1M 

L2F 

Re  =  25  k 

Re  =  50  k 

Re  =  75  k 

Re  =  25  k 

Re  =  50  k 

Re  =  75  k 

s/k 

47. 5^ 

57.9 

57.9 

54.9 

48.1 

44.8 

7 

49. 5* 

60.1 

60.1 

57.2 

50.3 

44.8 

Wildcat 

70.4 

61.2 

55.7 

51.3 

42.7 

40.1 

t  Stalled  condition. 


Experimental  transition  locations  have  been  defined  by  two  distinct  methods  in  this  work:  the 
skew-kurtosis  condition  and  with  intermittency.  These  two  experimental  locations  along  with  Wild¬ 
cat  predictions  are  presented  in  Table  4.8  in  percent  suction  surface  for  the  L1M  and  L2F  airfoils 
at  all  three  Re.  This  table  shows  that  negative  skew  with  positive  kurtosis  occurs  ahead  of  inter¬ 
mittency  or  at  best  remains  coincident;  model  comparisons  will  be  presented  for  both  locations. 
The  skew-kurtosis  condition  may  reflect  the  behavior  of  laminar  boundary  layers  before  the  onset 
of  transition,  which  was  accounted  for  in  the  “quasi-laminar”  modeling  used  in  model  development. 
For  the  L1M,  transition  occurs  at  the  same  location  for  the  un-stalled  cases  (at  least  within  2.5%SSL, 
the  approximate  distance  between  each  profile)  using  both  identification  methods.  The  L2F  airfoil 
transitions  just  after  the  mid-surface  distance  at  54.9  or  57.2%SSL  for  Re  =  25 k.  As  expected, 
the  onset  location  moves  upstream  with  Reynolds  number,  and  the  L2F  transitions  ahead  of  the 
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L1M.  Again,  this  is  due  to  the  more  forward  loading  of  the  L2F.  For  the  L1M,  Wildcat  using  the 
separated-flow  transition  model  predicts  transition  onset  relatively  close  to  the  experimental  loca¬ 
tions,  except  for  the  unpredicted  stall  at  Re  =  25 k.  Wildcat  predicts  earlier  transition  locations 
for  the  L2F,  probably  due  to  the  over-prediction  of  the  momentum  thickness  at  separation  onset 
used  to  construct  the  transition  model,  which  leads  to  the  shorter  lengths  between  separation  and 
transition  onset. 

Figure  4.18  presents  both  transition  model  equations  plotted  along  with  the  experimental  com¬ 
parisons  constructed  with  available  data.  Figure  4.18(a)  shows  the  separated-flow  model  (Equation 
2.7)  and  current  data  points  for  the  L2F  airfoil  where  separation  onset  information  was  available 
from  the  S3F.  This  figure  shows  both  model  constructions  using  round  1  S3F  data  on  the  leading 
edge  region  of  the  L2F  airfoil  along  with  round  2  data.  Here  we  notice  the  model  equation  only 
agrees  with  the  separation  onset  locations  obtained  through  the  round  1  S3F  data,  and  we  see  the 
L2F  matches  the  curve  nearly  exactly  for  Re  =  25 &,  suggesting  an  accurate  prediction  of  the  length 
between  separation  and  transition  onset  atop  the  bubble.  The  model  is  seen  to  under-predict  this 
length  for  both  Re  =  50 k  and  75 k  using  both  the  skew-kurtosis  and  intermittency  conditions.  The 
front-loaded  L2F  sees  the  brunt  of  its  acceleration  before  the  first  profile  at  19.9%SSL,  so  the  flow 
speed  is  near  its  highest  when  it  separates  around  28%SSL.  This  could  explain  why  the  Re  =  50 k  and 
75 k  cases  see  a  longer  length  from  separation  to  transition  than  predicted  with  the  model.  Using  the 
round  2  S3F  data  on  the  trailing  edge  region  causes  a  severe  over-prediction  by  the  model  for  both 
Re  =  25 k  and  75 k.  It  is  therefore  suspected  the  onset  locations  obtained  through  the  S3F  round  2 
data  may  in  fact  be  artifacts  of  an  upstream  S3F  patch  disturbance;  if  this  is  the  case,  the  true  sep¬ 
aration  onset  locations  would  be  further  upstream  than  those  cited  earlier,  resulting  in  an  increased 
length  than  plotted  in  the  figure,  which  would  in  turn  improve  the  agreement  between  the  model 
and  the  experimental  results.  Thus,  the  round  1  S3F  data  along  with  boundary  anemometry  results 
provide  more  than  satisfactory  agreement  with  the  separated-flow  transition  model,  validating  its 
use  for  turbomachinery  design  purposes. 

Several  observations  presented  earlier  in  this  chapter  have  suggested  airfoils  with  very  thin  sep¬ 
aration  bubbles  may  transition  as  if  attached.  In  order  to  clarify  this  response,  all  non-stalled  cases 
have  been  plotted  along  with  the  attached- flow  model  in  Figure  4.18(b).  This  figure  shows  very  close 
agreement  between  the  experimental  data  using  the  skew-kurtosis  condition  for  transition  onset,  and 
the  intermittency  cases  are  not  far  off  either.  This  trend  suggests  very  thin  separation  bubbles  may 
transition  as  if  attached,  since  the  proper  ratios  of  flow  quantities  necessary  for  attached-flow  tran¬ 
sition  are  not  far  off  from  those  in  the  database  used  for  model  construction.  Examining  Figure 
4.18(b)  more  closely,  we  see  certain  flow  cases  and  transition  onset  criteria  produce  closer  agreement 
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(a)  Separated-flow  comparison. 
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(c)  Praisner-Clark  number. 

Figure  4.18:  Transition  model  experimental  validation. 
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with  the  model  curve.  For  example,  the  L2F  at  Re  =  25 k  and  50 k  match  the  curve  closer  using 
the  skew-kurtosis  condition,  and  at  75 k  the  two  onset  criteria  matched.  The  L1M  data  using  the 
skew-kurtosis  condition  are  also  closer  to  the  model  than  using  the  first  sign  of  intermittency  as  the 
transition  onset  location.  If  one  imagines  removing  the  data  using  the  intermittency  onset  criteria, 
then  all  experimental  data  using  the  skew-kurtosis  method  fit  the  curve  very  well.  This  trend  also 
suggests  separated  flows  with  very  thin  bubbles  may  transition  as  attached  flows. 

Slight  manipulation  of  Equation  2.8  leads  to  the  following  relationship  from  the  attached- flow 
model  which  holds  at  the  onset  of  transition  [Praisner  and  Clark  2007]: 

v'  02 

100——  =  7.0  ±1.1  (4.1) 

A  v 

The  relationship  on  the  left-hand  side  is  found  to  equal  7.0  d=  1.1  for  all  cases  in  the  database  used 
for  model  construction.  The  left-hand  side  is  plotted  for  all  experimental  test  cases  in  Figure  4.18(c) 
along  with  the  original  model  database  and  confidence  interval.  The  only  test  case  which  fits  inside 
the  confidence  interval  is  the  L2F  at  Re  =  25 k  using  the  skew-kurtosis  transition  onset.  The  S3F 
measurements  presented  earlier  show  the  L2F  is  in  fact  separated  at  Re  =  25 fc,  which  lends  support 
to  the  idea  that  very  thin  separation  bubbles  may  transition  in  the  shear  layer  similar  to  attached- 
flow  transition.  To  the  contrary,  all  other  test  cases  lie  outside  of  the  confidence  intervals.  Since 
separation  bubbles  decrease  their  height  with  increasing  Reynolds  number,  the  Re  =  50 k  and  75 k 
L2F  cases  should  have  a  separation  bubble  which  is  thinner  than  the  Re  =  25 k  case.  Furthermore, 
if  separated  cases  can  transition  as  if  attached,  the  thinner  separated  cases  should  behave  more  like 
attached-flow  transition  unless  bubble  thickness  is  not  the  only  factor  which  influences  the  change 
between  separated-flow  and  attached- flow  transition  behavior.  However,  the  Re  =  75 k  tests  and 
those  using  intermittency  for  transition  onset  are  clearly  not  within  the  confidence  intervals  for 
the  Praisner- Clark  number.  This  tells  us  there  are  still  significant  differences  between  flows  that 
transition  atop  separation  bubbles  and  those  that  remain  attached. 

4.5  Chapter  Summary 

Chapter  4  presents  the  detailed  experimental  results  obtained  in  the  low-speed  wind  tunnel  on  base, 
and  it  serves  to  provide  an  extensive  database  which  can  be  used  for  CFD  validation  and  further 
model  development.  This  chapter  begins  with  the  Reynolds  lapse  performance  curves  of  the  Pack 
B,  L1M,  and  L2F  airfoils.  Here  it  is  seen  the  L2F  outperforms  both  the  L1M  and  Pack  B  in  the  low 
Reynolds  regime.  Unlike  the  Pack  B  and  L1M  airfoils,  the  L2F  remains  stall-free  in  the  low  Reynolds 
number  regime,  and  the  loss  behavior  resembles  more  of  an  attached  flow  rather  than  separated  as 
it  gradually  increases  with  decreasing  Re.  Also  surprising  was  the  reduced  losses  at  higher  Reynolds 
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number,  as  it  was  initially  suspected  that  the  earlier  transition  may  cause  increased  losses  due  to 
an  increased  turbulent-wetted  surface  area.  Thus  we  have  a  higher-lift  airfoil  with  an  improved 
Reynolds  lapse  characteristic.  The  L2F  also  enjoys  smaller  wakes  with  decreased  turbulence  levels 
which  lend  support  to  the  idea  of  a  very  thin  separation  bubble.  Other  observations  corroborate  this 
idea,  where  boundary  layer  traverses  just  1mm  up  from  the  surface  fail  to  capture  the  separation 
bubble.  Several  indicators  in  this  work  support  the  idea  that  very  thin  separation  bubbles  may 
transition  as  if  attached.  For  example,  urms/Uin  and  intermittency  contours  show  unsteadiness  and 
intermittency  can  build  in  the  profile  locations  nearest  to  the  wall,  while  the  skew-kurtosis  transition 
indicators  can  occur  away  from  the  wall;  this  mix  of  locations  marking  transitional  activity  suggests 
a  mixture  of  attached-flow  and  separated-flow  transition.  In  support  of  separated-flow  transition,  the 
alternating  skew  and  higher  kurtosis  levels  seem  to  occur  only  in  the  separated  shear  layer  extending 
away  from  the  wall  with  downstream  distance.  In  fact,  the  Reynolds  lapse  curve  in  Figure  4.1  shows 
L2F  behavior  that  appears  attached  (gradual  decrease  in  loss  with  increasing  Reynolds  number) 
even  though  the  S3F  measurements  clearly  indicate  a  reversed  flow  at  the  surface  of  the  blade.  The 
skew-kurtosis  transition  onset  criteria  was  found  to  coincide  with  a  rise  in  core  urms  activity,  and  this 
core  activity  remains  outside  of  the  boundary  layer  until  a  critical  distance  when  it  falls  below.  This 
critical  distance  moves  downstream  with  increasing  Reynolds  number,  and  the  more  forward-loaded 
L2F  allows  this  unsteady  core  to  remain  outside  of  the  boundary  layer  for  longer  distances.  This 
trend  may  help  explain  why  the  earlier  but  lower  levels  of  turbulent  activity  with  the  L2F  can  sustain 
a  more  well-behaved,  non-massively  separated  boundary  layer,  as  core  activity  below  the  boundary 
layer  may  be  somewhat  dampened.  The  boundary  layers  are  also  connected  to  the  intermittency,  as 
it  is  seen  that  Clark’s  algorithm  picks  up  on  the  activity  which  causes  the  boundary  layer  growth 
mechanisms.  The  core  and  maximum  intermittencies  for  all  cases  remain  under  the  boundary  layer 
once  growth  begins  at  the  intermittent  transition  onset  location.  Intermittency  transition  onset 
is  found  to  follow  the  skew-kurtosis  condition,  so  the  skew-kurtosis  condition  may  in  fact  be  the 
first  indicator  of  transitional  activity  which  is  damped  in  the  boundary  layer  until  a  level  when 
intermittency  increases,  signalling  a  fluid  motion  that  is  dominated  by  turbulent  spot  growth  which 
in  turn  causes  the  enhanced  growth  of  the  boundary  layer. 

As  far  as  transition  model  validation,  the  separated-flow  model  was  validated  using  a  combination 
of  S3F  and  thermal  anemometry  results.  The  goal  of  producing  a  higher-lift  well-behaved  airfoil  was 
achieved  using  the  separated-flow  model,  and  its  subsequent  experimental  validation  proves  the 
general  utility  of  the  model  in  RANS-based  turbomachinery  design  systems.  The  attached- flow 
model  was  also  constructed  where  possible,  and  it  was  seen  that  separated-flow  cases  with  thin 
bubbles  using  the  skew-kurtosis  transition  onset  criteria  do  in  fact  fit  reasonably  well  onto  the 
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attached- flow  model  curve  of  Figure  4.18(b).  The  second  form  of  the  attached- flow  model  presented 
in  Equation  4.1,  which  relates  physical  time  scales  at  the  onset  of  transition,  shows  that  the  separated 
flows  which  appear  to  transition  as  attached  flows  in  Figure  4.18(b)  do  not  in  fact  truly  transition 
as  attached,  i.e.  the  time  scales  required  for  attached-flow  transition  are  not  in  the  proper  ratios  as 
found  in  the  database  used  for  model  development.  It  was  also  seen  that  bubble  thickness  is  not  the 
only  factor  which  changes  the  attached-flow  behavior  to  separated-flow  transition. 

The  time-averaged  S3F  measurements  obtained  in  this  work  were  a  substantial  achievement 
considering  the  difficulties  associated  with  a  low-speed  air  environment  on  a  curved  surface  which 
deforms  under  the  applied  wind  load.  The  data  reduction  routine  for  lower-speed  tests,  where  the 
system  noise  tends  to  match  or  overtake  the  strength  of  the  sensor  signal,  still  requires  development 
to  produce  accurate  skin  friction  and  normal  pressure  results.  For  example,  the  two  rounds  of  S3F 
results  taken  in  the  trailing  edge  region  of  the  L2F  airfoil  produce  two  different  magnitudes  of  forces, 
when  they  should  have  concurred  with  each  other.  Another  method  of  obtaining  skin  friction  data 
is  still  required  for  satisfactory  confidence  in  the  technique  at  these  low  flow  speeds,  although  initial 
development  of  the  S3F  sensor  at  IS  SI  showed  agreement  with  oil- film  results  within  less  than  a 
Pascal. 
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Discussion 


Remember ,  then,  that  science  is  the  guide  of  action;  that  the  truth  it  arrives  at  is  not 
that  which  we  can  ideally  contemplate  without  error,  but  that  which  we  may  act  upon  without 
fear;  and  you  cannot  fail  to  see  that  scientific  thought  is  not  an  accomplishment  or  condition 
of  human  progress,  but  human  progress  itself 
-  William  Kingdon  Clifford 

The  current  study  sought  to  produce  a  high-lift  low-pressure  turbine  blade  while  validating  the  use 
of  Praisner  and  Clark’s  transition  modeling  used  in  the  design  cycle.  The  L2F  turbine  was  produced 
that  allows  a  38%  decrease  in  blade  count  over  the  Pack  B  geometry  which  is  representative  of  airfoils 
used  in  current  gas  turbine  engines.  The  L2F  also  enjoys  an  improved  Reynolds  lapse  characteristic, 
which  will  allow  higher  altitude  flight,  longer  loiter  times,  and  reduced  fuel  consumption.  All  of  the 
above  improvements  will  lower  the  total  cost  of  the  gas  turbine  engine,  a  trend  highly  sought  after 
from  the  mature  gas  turbine  industry. 

In  addition,  a  shear  and  stress  sensitive  film  was  employed  in  a  very  difficult  test  environment,  in 
hopes  to  give  information  useful  for  transition  model  validation.  The  S3F  sensor  was  previously  used 
in  water  and  higher  speed  air  flow  environments  where  the  dynamic  pressures  induce  a  high  level  of 
stress  on  the  surface.  In  this  work,  S3F  was  employed  in  flow  speeds  as  low  as  2  m/s  on  a  curved 
surface  which  deforms  and  twists  under  the  loaded  state.  The  goal  was  set  to  acquire  time-averaged 
measurements  on  the  suction  surface  of  the  L2F  blade  in  a  linear  cascade. 

Conclusions  for  this  work  are  now  given,  followed  by  recommendations  for  future  work. 

5.1  Conclusions 

This  work  has  successfully  used  Clark’s  Turbine  Design  and  Analysis  System  to  develop  the  high-lift 
LPT  designated  “L2F” .  The  separated- flow  transition  model  of  Praisner  and  Clark  was  used  in  the 
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design  cycle,  and  the  resulting  Zw  =  1.59  L2F  airfoil  provides  38%  more  lift  per  blade  over  an  LPT 
similar  to  those  currently  in  service  today  (the  Pack  B).  This  increase  in  lift  provides  two  main 
options  to  the  turbine  engine  designer:  reduce  the  required  blade  count  by  38%  (which  reduces  the 
weight  and  fuel  consumption  of  the  engine) ,  or  increase  the  power  extracted  from  the  turbine  section 
by  38%.  Through  this  work,  we  see  the  aerodynamic  effect  of  pushing  the  loading  forward,  as  an 
earlier  transition  allows  a  greater  suction  surface  adverse  pressure  gradient  to  be  overcome  without 
massive  separation  even  at  low  Reynolds  number.  In  fact,  the  improved  Reynolds  lapse  characteristic 
of  the  L2F  significantly  decreases  the  separation  losses,  thereby  reducing  the  fuel  consumption  and 
overall  cost  of  the  engine  while  providing  a  higher  altitude  flight  ceiling.  The  earlier  and  increased 
passage  acceleration  of  the  L2F  also  delays  the  growth  of  bulk  unsteadiness  and  pushes  it  towards 
the  wall,  a  trend  which  increases  with  Reynolds  number.  The  earlier  transition  also  forces  thinner 
boundary  layers  and  narrower  wakes,  effectively  leaving  more  of  the  passage  to  enjoy  the  lower  losses 
associated  with  inviscid  flows. 

The  separated-flow  transition  model  used  in  the  design  cycle  was  validated  in  this  work  with 
thermal  anemometry  and  S3F  measurements.  The  model  was  formulated  inside  the  Pratt  &  Whitney 
design  system  which  also  employs  additional  modeling  not  utilized  in  the  current  study.  Therefore, 
this  work  also  validates  the  general  utility  of  the  model  for  RANS-based  turbomachinery  design 
systems.  Although  the  acquired  experimental  data  suggests  that  airfoils  with  very  thin  separation 
bubbles  may  transition  as  if  attached,  comparisons  of  the  experimental  data  to  the  separated-flow 
model  and  its  associated  attached-flow  model  show  that  the  boundary  layer  properties  required  for 
attached-flow  transition  are  generally  not  in  the  proper  ratios  when  separated.  Therefore,  separated- 
flow  cases  with  thin  separation  bubbles  do  not  in  fact  transition  as  if  attached.  It  was  also  found 
that  separation  bubble  height  is  not  the  only  factor  which  switches  the  attached-flow  transition 
mechanism  to  separated-flow  transition. 

This  work  also  proves  that  steady  CFD  with  adequate  transition  modeling  can  still  produce  a 
well-behaved  airfoil.  Unsteady  modeling  techniques  such  as  wakes  and  blade  interactions  were  not 
necessary  even  at  the  incredibly  high  loading  levels  in  this  work.  This  was  only  possible  due  to  the 
separated-flow  transition  modeling  of  Praisner  and  Clark  employed  in  the  design  cycle. 

The  extensive  database  of  experimental  data  produced  in  this  work  on  the  L1M  and  L2F  airfoils 
can  also  be  used  for  CFD  code  validation.  Boundary  layer  data  has  been  collected  at  various 
profile  locations  along  the  suction  surface  of  each  blade  at  50kHz  for  5  second  records  starting  1mm 
up  from  the  surface  and  extending  far  enough  into  the  freestream  to  resolve  the  boundary  layer 
heights.  Traverses  in  the  wakes  of  both  airfoils  provide  wake  widths  and  depths  along  with  pressure 
loss  characteristics.  The  S3F  technique  has  provided  surface  friction  data  which  gives  locations  of 
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separation  onset  and  bubble  reattachment  locations. 

The  S3F  technology  developed  by  ISSI  has  undergone  substantial  development  in  this  work. 
The  operational  envelope  of  the  technique  has  been  extended  to  low-speed  air  environments  on 
curved  surfaces,  and  the  time-averaged  friction  measurements  presented  in  this  work  are  the  first  of 
their  kind.  Simply  obtaining  the  time-averaged  surface  friction  results  in  this  work  is  a  monumental 
achievement  when  considering  the  decreased  signal  levels  surrounded  by  relatively  larger  noise  levels. 
New  composition  films  have  also  been  developed  for  this  regime,  and  data  reduction  techniques  are 
being  improved  which  can  account  for  the  difficulties  encountered  in  this  work,  namely  low-speed 
environments  on  curved  surfaces  which  translate  and  deform  under  the  wind-on  loaded  state.  As 
S3F  uses  optical  data  acquisition  methods  which  are  highly  sensitive  to  even  a  few  pixels  in  model 
movement,  the  issues  being  discovered  and  addressed  in  this  work  will  undoubtedly  open  the  door 
for  the  technique  to  be  applied  in  a  wider  range  of  tests  than  previously  possible.  At  the  end  of  this 
work  however,  oil- film  interferometry  is  still  required  to  validate  the  magnitudes  of  friction  forces 
measured  with  the  S3F  sensor,  highlighting  the  need  for  further  data  reduction  development  in  this 
flow  regime. 

5.2  Future  Work 

The  fact  that  separated  flows  with  thin  bubbles  have  been  observed  to  transition  similar  to  attached 
flows  begs  several  questions:  if  thin  bubble  separated  flows  can  transition  as  if  attached,  what  are 
the  critical  flow  physics  that  switches  attached-flow  behavior  to  separated-flow  behavior?  Bubble 
thickness  cannot  be  the  only  factor  which  influences  this  change,  so  what  are  the  other  important 
factors?  What  could  knowing  this  critical  situation  do  for  designers?  Is  this  merely  a  result  of  a 
higher  magnitude  pressure  gradient  forcing  a  transition  near  a  reattachment  location?  Further  study 
with  a  range  of  airfoil  shapes  producing  a  range  of  bubble  thicknesses,  although  exhaustive,  could 
shed  some  light  onto  the  answers  to  these  questions.  In  addition,  techniques  such  as  PIV  taken 
at  a  fast  enough  rate  could  answer  the  question  of  whether  or  not  flows  with  very  thin  separation 
bubbles  transition  in  the  shear  layer  above  the  bubble  or  instead  inside  of  the  bubble.  If  they  do 
in  fact  transition  above  the  bubble,  perhaps  the  correct  amount  of  momentum  thickness  for  the 
attached-flow  model  would  be  obtained  by  integrating  over  the  distance  from  the  top  of  the  bubble 
to  the  boundary  layer  height. 

It  has  been  suggested  that  profile  loss  accounts  for  1/3  of  the  total  pressure  loss  experienced  by 
the  airfoil  [Denton  1993].  The  aggressive  loading  levels  achieved  with  front-loaded  designs  force  a 
higher  magnitude  pressure  gradient  to  push  the  flow  in  the  upstream  portions  of  the  airfoils.  This 
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increased  upstream  pressure  may  change  the  amount  of  loss  production  in  the  upstream  portion  of 
the  blade,  and  further  study  could  provide  information  to  help  tailor  the  profile  geometry  for  lower 
loss  generation  in  the  presence  of  higher  pressure  gradients,  thus  producing  an  improved  leading 
edge  design  critical  for  front-loading  and  the  associated  benefits  explained  in  the  current  study. 

In  addition,  the  current  modeling  produced  a  well-behaved  airfoil  at  extremely  large  loading 
levels  compared  to  current  designs.  But  what  is  the  maximum  loading  we  can  achieve  in  a  subsonic 
environment  without  massive  losses?  Further  design  work  using  the  current  philosophies  and  mod¬ 
eling  capability  could  tell  the  turbine  designer  how  much  bigger  his  design  space  has  become.  In 
addition,  further  study  of  the  highly-loaded  designs  in  environments  more  realistic  to  the  turbine 
engine,  such  as  annular  cascades  and  rotating  rigs,  could  provide  more  realistic  results  including  the 
effects  of  endwalls,  compressibility,  secondary  flows,  and  wake-blade  interactions. 
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More  on  Higher-Lift  Design  Efforts 


This  appendix  includes  other  LPT  design  work  which  was  not  described  in  the  Introduction,  but 
was  included  in  Tables  1.1  and  1.2. 

In  1997,  Cicatelli  and  Sieverding  experimentally  studied  the  effects  of  vortex  shedding  with  a 
front-loaded  LPT  with  low  suction  surface  flow  turning  at  an  exit  isentropic  Mach  number  of  0.4, 
Re  —  2  •  106,  and  FSTI=1.15%  [Cicatelli  and  Sieverding  1997].  They  found  that  the  shape  of  the 
shedding  frequency  spectrum  is  influenced  by  both  the  pressure  and  suction  sides,  but  the  difference 
in  the  transverse  transport  of  fluid  causes  the  pressure  side  vortex  component  to  dominate  the 
suction  side  contribution.  They  also  found  that  their  transitional  boundary  layer  spectra  contained 
a  dominant  bandwidth  with  two  distinct  maxima  instead  of  a  single  dominant  frequency. 

In  2000,  Wolff  et  al.  employed  hot-wire  anemometry  to  study  the  boundary  layer  behavior  on 
a  high-lift  LPT  cascade  similar  to  the  Pack-B  profile  [Wolff  et  al.  2000].  They  found  that  the 
becalmed  region  after  the  wake  impingement  combines  laminar  and  turbulent  benefits  of  the  full 
velocity  profile.  The  addition  of  wakes  allows  the  flow  to  withstand  a  larger  adverse  pressure  gradient 
without  separation.  They  found  that  wakes  initially  increase  the  boundary  layer  thickness  followed 
by  a  decrease  in  thickness  caused  by  the  accelerated  flow  before  the  next  wake  hits.  The  wakes 
also  increase  the  local  wall  shear  stress  while  shifting  the  region  of  loss  production  upstream  of  the 
impingement  location. 

In  2001,  Dennis  et  al.  used  a  2D  Navier-Stokes  finite  volume  flow  solver  with  a  k  —  e  turbulence 
model  to  optimize  an  airfoil  for  minimal  pressure  loss  [Dennis  et  al.  2001].  In  this  work  they  in¬ 
corporated  a  tournament  selection  genetic  algorithm  (GA)  using  elitism  together  with  sequential 
quadratic  programming  (SQP)  techniques  to  optimize  the  airfoil  geometry.  Their  fitness  function 
was  dependent  on  the  outlet  dynamic  pressure,  total  lift,  exit  flow  angle,  mass  flow  rate,  blade 
cross-sectional  area,  and  a  maximum  thickness  criterion  which  provided  for  mechanical  and  thermal 
feasibility.  They  found  that  the  global  aerodynamic  objectives  are  better  met  through  shape  op- 
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timization  instead  of  inverse  design,  where  the  airfoil  geometry  is  modified  until  a  pre-determined 
pressure  distribution  is  achieved.  Although  near-wall  accuracy  is  left  to  be  desired  with  the  k  —  e 
turbulence  model,  Dennis  et  al.  found  the  best  overall  design  to  be  thicker  and  more  loaded  in  the 
leading  edge  region. 

Howell  et  al.  in  2001  experimentally  studied  high  lift  profiles  with  Zw  «  1  for  aft-loaded  LPTs 
over  Re  from  100,000  to  210,000  at  a  FSTI  of  0.5%  [Howell  et  al.  2001].  With  hot-wire  anemometry, 
they  compared  their  losses  to  Thwaites’  approximation  for  a  laminar  flow  [White  2006]  in  order 
to  assess  the  separation-induced  effects.  They  found  that  as  the  loading  increased,  the  bubble 
reattached  earlier  with  a  decreased  length,  while  the  bubble  height  and  overall  losses  increased.  The 
authors  suggest  these  trends  are  due  to  an  increase  in  the  deceleration  caused  by  the  separation 
which  in  turn  increases  the  receptivity  of  the  boundary  layer  to  disturbances.  Additionally,  the 
authors  studied  wake  effects  and  found  that  the  boundary  layer  is  most  receptive  to  wake-induced 
transition  if  the  Reynolds  number  based  on  momentum  thickness  {Reg)  is  near  250  at  the  point  of 
separation  onset.  Howell  et  al.  also  found  that  the  pressure  distribution  is  not  particularly  sensitive 
in  determining  the  value  of  Reg  just  before  separation.  The  authors  found  that  aft-loading  the 
LPT  decreases  the  losses  unless  the  flow  is  separated,  in  which  case  the  losses  are  substantially 
increased.  They  found  wakes  to  be  beneficial  for  aft-loaded  profiles,  with  proper  wake  frequencies 
always  causing  reattached  flow,  resulting  in  lower  losses  with  a  15%  increase  in  lift.  Interestingly 
enough  they  found  that  doubling  the  wake  frequency  actually  increased  the  losses  sustained  in  their 
cascade.  Their  results  suggest  a  reduction  in  blade  count  by  15%. 

In  2002,  another  group  including  Howell  experimentally  studied  the  so-called  “high-lift”  and 
“ultra-high-lift”  concepts  of  the  Rolls-Royce  Deutschland  BRT10  and  BR715  LP  turbines  with  Zw  ~ 
1.05  over  Re  from  60,000  to  120,000  [Howell  et  al.  2002].  They  found  that  turbulent  flow  features  in 
the  boundary  layer  traveled  around  90%  of  the  freestream  velocity  near  the  leading  edge,  slowing  to 
around  50%  near  the  trailing  edge.  This  difference  was  attributed  to  the  changing  pressure  gradient 
along  the  suction  surface  of  the  blade.  Again  generating  wakes  upstream  of  the  test  section,  they  also 
found  that  the  wake  generates  a  turbulent  spot  on  the  surface  and  then  quickly  overtakes  the  leading 
edge  of  that  spot,  subsequently  generating  a  new  turbulent  spot  ahead  of  the  previously  generated 
spot  on  the  surface.  This  process  excites  the  shear  layer  and  causes  a  roll-up  into  vortices  which 
shed  downstream.  Thus  a  single  wake  can  influence  multiple  locations  along  the  surface  through  this 
“leap-frogging”  effect.  They  found  that  this  process  can  give  the  wake  (which  is  now  “convecting” 
inside  the  boundary  layer)  a  region  of  influence  which  at  times  can  locally  travel  faster  than  the 
freestream.  Each  of  these  turbulent  spots  eventually  subside  into  a  calmed  region  which  is  in  turn 
subjected  to  the  next  incoming  wake.  The  calmed  regions  have  a  full  velocity  profile  and  low  entropy 
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generation  which  can  itself  inhibit  spot  generation  and  withstand  a  larger  adverse  pressure  gradient 
than  laminar  boundary  layers  alone  [Schulte  and  Hodson  1996;  1998].  A  nice  visual  observance  of 
turbulent  spots  can  be  found  in  the  work  of  Anthony  et  al. ,  where  fast-response  heat  flux  gauges 
were  employed  to  track  a  turbulent  spot  and  its  surface  shape  development  during  bypass  transition 
[Anthony  et  al.  2005].  Howell  et  al.  also  found  that  the  boundary  layers  of  higher-lift  LPTs  do  not 
exhibit  as  much  of  a  becalmed  effect  after  a  wake  passing  as  was  found  on  lower  lift  profiles.  Again 
this  group  found  that  Ree  ~  250  was  optimal  for  wake-induced  transition  in  a  separated  laminar 
boundary  layer,  and  additionally  they  found  that  wake-induced  transition  can  only  occur  if  the  flow 
is  already  separated.  This  implies  that  there  is  some  mechanism  in  the  separated  condition  which 
allows  the  amplification  of  the  wake  disturbances  into  transition.  They  also  conjectured  that  low- 
speed  tests  exhibit  all  the  important  features  of  higher-speed,  rotating  rig  tests  only  when  wakes  are 
introduced. 

In  2004,  Sieverding  et  al.  used  a  3D  flow  solver  (MISES)  which  coupled  the  Euler  (inviscid) 
and  integral  boundary  layer  equations  with  the  Abu-Ghannam  and  Shaw  turbulence  model  at  a 
freestream  turbulence  level  of  5%  to  optimize  a  compressor  blade  for  optimal  range  and  performance 
[Sieverding  et  al.  2004].  The  geometry  was  specified  by  4th  order  Bezier  curves  with  2  linear  patches, 
and  they  found  that  GAs  with  elitism  and  mutation  worked  better  to  define  the  optimal  shape  than 
gradient  search  methods  and  neural  networks.  Their  constraints  included  the  exit  flow  angle,  moment 
of  inertia,  cross-sectional  area,  and  the  number  of  turning  points  used  to  define  the  geometry.  They 
also  found  that  the  boundary  layer  shape  factor,  if,  rises  through  transition  but  flattens  when 
encountering  the  favorable  pressure  gradient  along  the  compressor  blade.  Other  recent  compressor 
design  work  includes  that  of  Sonoda  et  al.  ,  where  they  attempted  to  optimize  an  airfoil  for  low- 
Re  conditions  using  a  modified  Navier-Stokes  solver  with  Chien’s  k  —  e  turbulence  model  [Sonoda 
et  al.  2004].  Trying  to  minimize  the  total  pressure  loss  and  deviation  gas  flow  angle,  they  found 
that  a  front-loaded  compressor  blade  leads  to  an  earlier  boundary  layer  transition  which  delays  or 
eliminates  the  separation  creeping  up  from  the  trailing  edge. 

In  2004,  a  group  at  the  von  Karman  Institute  for  Fluid  Dynamics  investigated  the  performance 
of  a  “very  high  lift”  LPT  blade  with  an  emphasis  on  the  prediction  of  separation  [Houtermans 
et  al.  2004].  Their  experimental  study  focused  on  a  front-loaded  blade  with  a  quoted  Zw  =  1.47 
over  Re  from  50,000  to  200,000  at  a  FSTI=0.6%.  Their  blade  suffered  increased  losses  as  Re  was 
increased.  The  separation  bubble  investigations  attempted  to  verify  prediction  methods  presented  in 
other  works  for  locations  of  separation  onset,  maximum  bubble  displacement,  bubble  length,  point 
of  pressure  recovery  in  the  bubble,  transition  onset,  and  transition  length.  Models  of  [Mayle  1991], 
[Roberts  1975],  [Walker  1993],  [Hatman  and  Wang  1999],  and  [Yaras  2001;  2002]  among  others 
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were  compared,  but  none  successfully  matched  the  experimental  data  for  the  high-lift  blade.  This 
illustrates  the  difficulty  of  constructing  a  transition  model  which  can  consistently  and  accurately 
predict  separation  bubble  and  transition  phenomena  for  a  low-pressure  turbine  blade  over  varied 
loading.  A  goal  of  the  current  work  is  to  assess  the  accuracy  of  Praisner  and  Clark’s  transition  model 
which  was  constructed  for  use  over  varied  loading  characteristics  in  a  design  capacity.  Houtermans 
et  al.  also  suggest  that  the  position  of  the  suction  side  velocity  peak  (pressure  minimum)  strongly 
influences  the  overall  performance,  similar  to  others’  findings  [Curtis  et  al.  1997]. 

In  2004,  Stieger  et  al  experimentally  studied  wake-induced  transition  in  a  laminar  separation 
bubble  in  a  cascade  of  their  aft-loaded  “ultra-high-lift”  Zw  «  1  T106  LPT  blade  [Stieger  et  al.  2004]. 
They  found  that  the  wake-boundary  layer  interaction  was  much  different  once  inside  the  separation 
bubble,  and  that  large  amplitude  pressure  fluctuations  arise  within  the  bubble  which  are  indicative 
of  coherent  flow  structures  within  the  bubble.  Their  wake-induced  flow  structures  traveled  at  nearly 
half  the  freestream  velocity,  but  were  not  found  to  be  solely  a  function  of  the  wake  passing  frequency, 
which  suggested  evidence  of  non-linear  interactions  within  the  boundary  layer.  They  also  found  that 
only  a  select  band  of  frequencies  can  be  amplified  in  the  boundary  layer  to  form  coherent  structures 
which  may  lead  to  a  Kelvin- Helmholtz  vortex  roll-up. 

In  2005,  Zhang  and  Hodson  experimentally  studied  the  boundary  layer  development  of  their 
“ultra-high-lift”  Zw  =  1.19  mid-loaded  T106C  LPT  when  subjected  to  surface  trips  and  unsteady 
wakes  for  Re  from  134,000  to  255,000  [Zhang  and  Hodson  2005].  They  found  that  the  optimal  wire 
diameter  needed  to  decrease  the  separation-induced  losses  changed  with  Re  ,  but  was  effective  over 
both  steady  (no  wakes)  and  unsteady  (wake  perturbations)  environments.  Ironically,  as  Re  was 
increased  beyond  a  limit,  the  separation  bubble  size  decreased  but  the  unsteadiness  created  by  the 
trip  wire  caused  a  greater  turbulence- wetted  surface  area  which  increased  the  overall  losses.  Placing 
the  trip  near  the  bubble  also  increased  the  losses  when  compared  to  an  upstream  placement  due 
to  the  small  separation  bubble  created  by  the  trip  wire  merging  with  the  pressure-gradient-induced 
bubble.  Their  suggestion  for  LPT  design,  which  surprisingly  agrees  with  Howell’s  observation,  was 
to  aft-load  the  profile  only  if  trips  could  be  used  to  enforce  disturbances  which  would  control  the 
separation.  Their  data  also  suggests  that  a  Kelvin-Helmholtz  vortex  roll-up  is  only  possible  when 
the  separation  bubble  reaches  a  minimum  height.  This  minimum  height  allows  for  more  pressure 
peak  variation  in  the  unsteady  bubble  pressure.  A  successful  surface  trip  mitigates  the  effect  of 
the  Kelvin-Helmholtz  roll-up  encountered  in  the  separated  boundary  layer.  The  combined  effect  of 
trips  and  wakes  reduced  the  losses  because  of  the  absence  of  strong  roll-up  vortices  and  the  smaller 
separation  bubble  in  between  wakes.  The  authors  believe  the  loss  reduction  is  a  compromise  between 
the  positive  effects  of  a  reduced  separation  bubble  and  the  full  boundary  layer  velocity  profile  of  the 
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calmed  region  and  the  negative  effects  of  a  larger  turbulent- wetted  area.  The  optimum  trip  location 
was  found  to  be  midway  between  the  velocity  peak  and  the  onset  of  separation. 

Closed- loop  separation  flow  control  methods  using  the  L1M  profile  were  computationally  studied 
by  Brehm  et  al.  in  2006  for  Re  =  20,000  and  FSTI  =  0.3%  [Brehm  et  al.  2006].  In  order  to  get  a 
computational  baseline  flow  on  the  L1M,  they  employed  a  5th  order  accurate  upwind  Roe  scheme  for 
the  convective  fluxes,  a  Ath  order  accurate  viscous  discretization,  and  a  2nd  order  accurate  Adams- 
Moulton  time  integration  for  their  2D  finite  volume  implicit  solver.  A  normal  blowing  slot  was  chosen 
for  the  flow  control  method  as  it  is  easier  to  implement  in  CFD  codes  (compared  to,  say,  a  VGJ  hole 
angled  and  skewed  to  the  freestream).  They  conducted  an  open-loop  parameter  study  which  was 
compared  to  two  closed-loop  methods,  a  proportional-differential  (PD)  feedback  controller  and  a 
neural  network  trained  by  the  open- loop  parameter  study  which  models  the  L1M  flow  (downstream 
pressure  signal)  and  adjusts  the  forcing  signal  as  necessary.  The  open- loop  control  most  effective 
frequency  changed  from  8  to  7  Hz  as  the  blowing  amplitude  was  increased,  but  above  a  critical 
blowing  ratio  the  jet  acted  as  more  of  an  obstruction  than  a  separation  controller.  The  closed-loop 
PD  controller  achieved  a  21%  reduction  in  the  ratio  of  normal-to- axial  aerodynamic  forces  (current 
goal).  Their  neural  network  showed  a  promising  ability  to  model  flow  control  conditions  inside 
the  open-loop  parameter  study  box.  All  control  methods  resulted  in  smaller-than-separation  rollers 
which  propagated  off  of  the  suction  surface.  Future  work  will  focus  on  real-time  feedback  control 
using  modified  neural  networks. 
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AFRL’s  LSWT  Turbulence 
C  haract  er  izat  ion 


This  section  presents  the  measurements  taken  in  AFRL’s  Low-Speed  Wind  Tunnel  in  order  to 
characterize  the  turbulence  development  in  the  test  section  inlet  along  the  wind  tunnel  streamwise 
direction  when  a  turbulence  generating  grid  is  placed  upstream  of  the  test  section.  The  nominal 
background  turbulence  intensity  without  the  grid  was  measured  to  be  less  than  0.5%,  but  a  higher 
degree  of  turbulence  is  required  for  the  cascade  tests  in  order  to  simulate  the  low-pressure  turbine 
environment.  The  grid  is  located  90.5  inches  (2.3m)  upstream  of  the  leading  edge  of  the  test  blade. 
Figure  B.l  shows  the  locations  of  the  measurement  points  within  the  wind  tunnel  streamwise  cross- 
section,  including  the  centerline  (CL)  and  4  additional  points  each  1.5  inches  (0.04m)  horizontally 
and  vertically  away  from  the  center.  The  additional  points  were  taken  in  order  to  ensure  the  results 
were  not  biased  by  a  probe  position  behind  or  in  between  one  of  the  grid  bars.  When  using  grids  to 
generate  turbulence,  two  events  compete  to  determine  the  eddy  scales  -  a  spectra  manipulation  effect 
whereby  the  grid  chops  and  redistributes  the  existing  background  turbulence  scales  proportional  to 
the  grid  size,  and  a  wake  effect  which  can  decrease  the  length  scales  with  high  frequency  fluctuations 
[Roach  1986].  Given  enough  time,  the  wake  effect  smoothes  out  after  approximately  10  bar  diameters 
downstream  and  the  spectra  manipulation  effect  dominates  with  scales  increasing  with  distance  in 
the  downstream  direction. 

Figure  B.2  shows  the  freestream  turbulence  development  along  the  wind  tunnel  from  the  grid 
to  the  cascade  face.  As  expected,  an  exponential  is  observed  which  decays  down  to  approximately 
3.4%  just  5  inches  (0.13m)  before  the  leading  edge  of  the  test  blade.  Roach’s  streamwise  turbulence 
intensity  correlation  for  a  square-mesh  grid  with  round  bars  is  also  plotted  in  the  figure  and  is  shown 
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Figure  B.l:  Wind  tunnel  cross-section  turbulence  measurement  locations. 


FSTI  Development  with  TU  Grid 


Figure  B.2:  LSWT  FSTI  development. 
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in  Equation  B.l: 

FSTI  =  0.80  (-J  (B.l) 

where  x  is  the  downstream  distance  and  d  is  the  bar  diameter.  For  the  current  setup,  the  correlation 
estimates  FSTI  =  3.3%  at  this  location,  within  2.9%  of  the  measured  value.  Roach  suggests  that 
the  normal  components  of  turbulence,  although  not  measured  here,  follow  the  ratio  (u'2/v'2)  ~ 
(u'2 /w'2)  ~  1.25  resulting  in  normal  FSTI  of  approximately  3.0%. 

Turbulence  scales  are  computed  according  to  the  methods  described  by  Bernard  and  Wallace 
2002,  and  these  are  briefly  described  here  for  convenience.  The  integral  scale  is  computed  by  first 
computing  the  autocorrelation  of  the  hot-wire  signal: 


u(t)u(t  +  r) 
u2(t ) 


(B.2) 


This  autocorrelation  function  is  then  integrated  from  the  origin  to  the  first  zero  crossing  resulting  in 
an  integral  time  scale.  Using  Taylor’s  frozen  turbulence  assumption,  one  can  multiply  the  time  scale 
by  the  freestream  velocity  and  produce  a  length  scale  which  serves  as  the  integral  length  scale,  A. 
The  Taylor  microscale,  A,  is  derived  using  the  slope  and  curvature  of  the  autocorrelation  function, 
f,  at  the  origin: 

°  =  1  +  ^(°)  +  y^(o)  (B-3) 

The  slope  at  the  origin  is  assumed  zero  since  the  sampling  frequency  was  more  than  adequate  to 

provide  a  smooth  origin,  and  the  second  order  partial  derivative  is  approximated  with  a  second  order 
accurate  central  difference.  The  Kolmogorov  length  scale,  77,  is  derived  using  the  rms  fluctuating 
velocity,  integral  scale,  isotropic  dissipation  rate,  e  [energy /s],  and  the  kinematic  viscosity  of  air,  v 
[m2/s\: 

u'  3 

e  =  (B.4) 

z/3/4 

1  =  JI7I  <B-5> 

The  turbulent  scale  developments  are  presented  in  Figure  B.3,  with  an  integral  scale  approximately 
between  1.38  and  1.65  inches  (3.5e-2  and  4.2e-2  m),  a  Taylor  microscale  between  0.15  and  0.32  inches 
(3.8e-3  and  8.1e-3  m),  and  a  Kolmogorov  length  scale  between  0.03  and  0.02  inches  (7.6e-4  and  5.1e-4 
m)  just  5  inches  (0.13m)  upstream  of  the  leading  edge  of  the  test  blade.  For  a  scale  resolution  within 
1%  accuracy,  Roach  suggests  a  minimum  sampling  frequency,  /m,  according  to  Equation  B.6: 


fm A 

Uoo 


>  5.0 


(B.6) 


where  A  is  the  scale  of  interest.  To  resolve  the  lowest  measured  Kolmogorov  scale  in  this  work,  this 
requires  a  minimum  sampling  frequency  of  approximately  23kHz,  well  below  the  current  sampling 
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frequency  of  50kHz.  Roach  also  suggests  that  the  integral  scale  is  independent  of  Reynolds  number 
while  the  microscales  are  dependent  on  Reynolds  number,  trends  also  observed  in  the  current  data 
of  Figure  B.3.  Roach’s  correlations  for  the  streamwise  integral  and  Taylor  scales  are  presented  in 


Equations  B.7  and  B.8  below: 


/  7*  \  1/2 

h-x/d  =  0.20  (  —  ) 


(A x/df 


17.0  x 

Red  d 


where  Ax  is  the  streamwise  integral  scale,  is  the  Taylor  microscale,  and  Red  is  the  Reynolds 
number  based  on  bar  diameter.  These  correlations  produce  integral  and  Taylor  scales  of  1.85  and 
0.64  inches  (4.7e-2  and  1.6e-2  m),  respectively,  within  12-34%  and  100-327%  of  the  measured  values, 
respectively.  It  is  noted  in  Roach’s  paper  that  the  integral  scale  correlation  is  more  accurate  than 
the  Taylor  scale  correlation  since  the  integral  scales  are  mainly  dependent  on  the  grid  bar  diameter 
while  the  Taylor  scales  are  more  dependent  on  the  instrumentation  setup  and  the  complex  energy 


cascade  of  turbulence,  which  is  difficult  to  match  over  distinct  experimental  configurations. 
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Integral  Scale  Development  with  TU  Grid 


(a)  Integral  scale. 


Taylor  Microscale  Development  with  TU  Grid 


(b)  Taylor  microscale. 


Downstream  Position  from  TU  Grid  CL  [m] 

(c)  Kolmogorov  length  scale. 

Figure  B.3:  LSWT  turbulence  scale  development. 


434 

Approved  for  public  release;  distribution  unlimited. 


c 

Background  on  Pressure  and  Skin 
Friction  Measurement 


By  understanding  the  past  capability  and  limitations  of  surface  force  measurements,  one  can  better 
understand  and  appreciate  the  development  of  new  technologies.  Probably  the  first  recorded  skin 
friction  measurement  apparatus  was  that  described  by  William  Froude  in  1872,  which  measured 
the  skin  friction  experienced  by  planks  dragged  across  water,  as  mentioned  in  recent  skin  friction 
reviews  [Hakkinen  2004;  Plesniak  and  Peterson  2004].  There  are  basically  two  types  of  skin  friction 
sensors:  direct  and  indirect.  Direct  sensors  are  advantageous  because  they  do  not  rely  on  theoret¬ 
ical  or  empirical  correlations,  but  they  can  be  very  delicate  and  susceptible  to  system  mechanical 
noise.  Indirect  skin  friction  sensors  infer  the  skin  friction  from  other  quantities  and  are  typically 
more  robust.  Indirect  sensors  are  advantageous  because  the  measured  quantity  is  typically  easy  to 
obtain,  although  the  correlation  dependence  can  impose  a  limit  on  the  applicability  range.  Surface 
pressure  measurement  is  classically  accomplished  by  pressure  taps  or  transducers,  but  these  only 
provide  information  at  discrete  locations.  More  advanced  techniques  such  as  pressure  sensitive  paint 
(PSP)  can  provide  non-intrusive,  two-dimensional  surface  pressure  data  with  significantly  less  model 
preparation  [Liu  and  Sullivan  2005]. 

Direct  Skin  Friction 

Direct  skin  friction  sensors  are  typically  based  on  a  floating  element  design  as  seen  in  Figure  C.l,  an 
oil  film  technique,  or  shear-sensitive  liquid  crystals.  Floating  element  sensors  and  associated  error 
correction  schemes  received  great  advancement  at  the  California  Institute  of  Technology  in  the  1950s, 
and  these  relate  the  translation  of  the  floating  element  under  an  applied  shear  stress  to  the  skin 
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Figure  C.l:  Cartoon  of  typical  floating- type  shear  sensor  with  multiple  linkage  possibilities. 


friction.  The  accuracy  of  these  direct  sensors  was  mainly  limited  by  their  sensitivity  to  streamwise 
pressure  gradients  which  create  gap  forces  between  the  floating  element,  linkage  mechanisms,  and 
housing  cavity.  Adverse  pressure  gradients,  such  as  those  encountered  in  the  LPT  section,  were 
particularly  troublesome.  The  accuracy  in  1969  was  quoted  within  10-15%  of  the  actual  skin  friction 
value.  Some  potential  drawbacks  when  using  floating  element  sensors  can  be  sensor  spatial  and  force 
resolution  trade-offs,  misalignment  errors,  pressure  gradient  effects,  and  sensitivity  to  acceleration, 
vibration,  and  thermal  expansion  effects. 

Oil  film  techniques  use  the  proportionality  of  shear  stress  with  the  thinning  rate  of  an  oil  film 
according  to  Equation  C.l: 


r  =  rj  • 


d 

dt 


(C.l) 


where  r  is  the  skin  friction,  r]  is  the  oil’s  viscosity,  x  is  the  streamwise  thinning  and  h  is  the 
thickness  of  the  oil.  There  are  two  types  of  oil  film  skin  friction  techniques:  interferometric  and 
non-interferometric  [Tyler  et  al.  2004].  Interferometric  oil  films  work  because  the  oil  thickness  is 
less  than  the  coherence  length  of  the  light  source,  and  the  rays  reflected  from  the  thinning  oil 
surface  interfere  with  the  rays  reflected  from  the  model  surface,  producing  alternating  regions  of 
light  and  dark  bands  known  as  “interference  fringes”  [Plesniak  and  Peterson  2004].  Liu  and  Sullivan 
in  1998  used  the  level  of  luminescence  of  oil  seeded  with  flourescent  molecules  to  determine  the  oil 
thickness.  This  method  eliminates  interferometry  but  requires  additional  calibration.  All  oil  film 
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skin  friction  techniques  require  additional  measurement  of  surface  temperature  and  knowledge  of 
the  temperature-oil  viscosity  relationship  [Plesniak  and  Peterson  2004]. 

A  third  common  direct  sensor  are  shear-sensitive  liquid  crystals,  which  had  significant  devel¬ 
opment  in  the  1960s  [Plesniak  and  Peterson  2004].  This  technique  relies  on  the  change  in  optical 
properties  of  liquid  crystals  applied  to  a  test  surface  as  they  undergo  a  change  in  phase.  This  phase 
change  can  be  temperature,  heat  transfer,  or  shear  stress  dependent.  The  optical  property  changes 
can  be  temperature,  color,  or  intensity  based.  Drawbacks  using  liquid  crystals  can  be  the  compli¬ 
cated  calibration  and  optical  access  issues,  temperature- sensitivity  of  liquid  crystals,  the  need  to 
apply  a  new  coat  after  each  test,  crystal  roughness  effects  on  the  flow,  and  limited  availability  and 
cost  of  the  liquid  crystals. 

Indirect  Skin  Friction 

Classical  indirect  skin  friction  sensors  include  the  Stanton  tube  developed  in  1920  and  the  Preston 
tube  developed  in  1954  [Plesniak  and  Peterson  2004].  These  techniques  use  Pitot  tube-like  probe 
heads  which  are  located  very  close  to  the  surface.  These  methods  assume  a  region  of  flow  similarity 
close  to  the  wall,  which  is  only  generally  acceptable  for  turbulent  flow  conditions.  The  Clauser 
correlation  also  developed  in  1954  is  a  classical  indirect  skin  friction  method  based  on  the  law  of 
the  wall  analysis  wherein  the  skin  friction  is  related  to  the  measured  velocity  profile  in  a  turbulent 
boundary  layer.  Surface  and  sublayer  fences  designed  to  remain  in  the  sublayer  have  been  used  since 
the  1960s.  These  record  shear  stress  perpendicular  to  the  fence  and  can  be  used  in  strong  pressure 
gradients  and  compressible  flows.  This  discrete  point  attainment  of  surface  shear  stress  supplied  the 
needed  empirical  information  for  low  -Re  computational  turbulence  modeling  routines  using  sublayer 
wall  functions  for  closure.  Recent  techniques  using  micro-electromechanical  systems  (MEMS)  are 
based  on  fence  deflections  and  can  have  responses  up  to  1  kHz,  as  reported  in  2004. 

Heat  transfer  analogies  which  relate  the  heat  transfer  obtained  with  hot-wire  or  hot-film  devices 
to  the  skin  friction  can  be  used  in  any  fluid  where  the  conductivity  of  the  fluid  is  greater  than  the 
conductivity  of  the  wall  (which  does  not  include  air)  [Plesniak  and  Peterson  2004] .  The  underlying 
assumption  with  these  techniques  is  that  the  thermal  boundary  layer  lies  entirely  in  the  inner  region 
of  the  velocity  profile,  which  is  why  the  sensors  are  placed  in  the  viscous  sublayer.  Advanced  probes 
use  multiple-wire  configurations  to  provide  direction-independent,  time-dependent  wall  shear  stress. 
Another  indirect  skin  friction  sensor  is  an  optical  sensor  which  detects  the  Doppler  shift  of  light 
scattered  from  particles  passing  through  divergent  fringes  in  the  viscous  sublayer.  This  technique, 
using  what  are  termed  Laser-based  or  “Fan  Fringe”  sensors,  suffers  from  the  interaction  between 
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low  data  acquisition  rates  and  low  seed  densities  near  the  wall.  As  a  result,  the  method  has  poor 
resolution  of  the  sublayer  in  high  Re  flows  due  to  turbulent  boundary  layers. 

Surface  Pressure  Measurement 

The  first  global  aerodynamic  surface  pressure  measurement  was  accomplished  with  pressure  sensitive 
paints  (PSPs)  in  the  1980s  [Liu  and  Sullivan  2005].  PSP  offers  accurate,  non-intrusive  pressure 
measurement  with  increased  spatial  resolution  when  compared  to  conventional  taps  and  pressure 
transducers.  PSP  systems  use  optical  techniques  to  detect  the  pressure-sensitive  luminescence  of 
chromophores  suspended  in  an  oxygen-permeable  binder.  As  the  intensity  is  a  function  of  the  oxygen 
concentration  in  the  binder,  the  surface  partial  pressure  of  oxygen  is  related  to  the  luminescent 
emission.  The  surface  pressure  can  be  obtained  from  Henry’s  Law  knowing  the  concentration  of 
oxygen  in  the  main  flow.  It  is  generally  accepted  that  PSP  techniques  for  air  flow  environments 
must  have  a  velocity  greater  than  ~  15  m/s  for  accurate  quantitative  results. 

The  work  of  Liu  and  Sullivan  in  1998  may  pre-figure  S3F  development  in  1998  when  they  pub¬ 
lished  their  work  using  luminescent  oil  films  to  measure  skin  friction.  S3F  uses  the  same  luminescence 
technique  to  obtain  film  thickness  measurements,  but  additionally  provides  about  25  times  the  pres¬ 
sure  sensitivity  of  PSP  and  comparable  signal-to-noise  ratio  with  less  data  averaging,  allowing  more 
measurements  for  a  given  area  in  lower  dynamic  ranges  unsuitable  for  PSP  [Fonov  et  al.  2005]. 
S3F  also  combines  a  particle  tracking  algorithm  for  tracer  particles  applied  on  the  surface  of  the 
luminescent  elastic  polymer  film.  The  tracer  particle  translations  and  film  thicknesses  (luminescent 
intensities)  are  fed  into  an  inverse  finite  element  code  which  produces  the  surface  normal  pressure  and 
tangential  surface  stress  contours  that  caused  the  deformations.  More  information  on  the  S3F  tech¬ 
nique  is  presented  in  the  Experimental  Arrangement  chapter.  Recently,  this  technique  was  applied 
to  plasma  flows  in  a  Mach  5  tunnel  at  Wright-Patterson  Air  Force  Base  in  Dayton,  OH,  alongside 
temperature-  and  pressure-sensitive  paints  [Crafton  et  al.  2005].  Since  these  techniques  are  optical 
and  require  no  electrical  equipment  on  the  test  surface,  they  are  ideal  for  plasma  environments  where 
electrical  equipment  on  the  surface  would  interfere  with  the  plasma  kinetics.  Information  about  the 
science  behind  or  acquisition  of  PSP,  TSP,  PIV,  or  S3F  systems  can  be  found  on  the  Innovative 
Scientific  Solutions,  Inc.  website  at  www.innssi.com. 
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Operation  of  S3F 


S3F  is  an  elastic  polymer  film  impregnated  with  luminescent  molecules  and  doped  with  tracer  par¬ 
ticles  on  its  surface  [Fonov  et  al.  2005].  The  origin  of  the  S3F  technique  began  in  the  early  1990s 
as  a  direct  method  to  measure  surface  shear  force  [Tarasov  and  Orlov  1990].  Upon  application  of  a 
force,  the  film’s  deformations  in  all  three  dimensions  are  recorded  simultaneously  using  a  single  CCD 
camera.  The  luminescent  molecules  are  excited  at  one  wavelength  and  emit  at  another  wavelength, 
and  the  intensity  of  the  emission  wavelength  is  proportional  to  the  thickness  of  the  film.  Both  a 
“flow-off”  and  “flow-on”  image  are  required  in  order  to  track  the  surface  deformations  indicated  by 
the  movement  of  the  tracer  particles  between  the  two  conditions.  A  ratio  between  the  two  condi¬ 
tions  also  provides  a  means  to  cancel  out  sources  of  error  such  as  unequal  illumination  and  uneven 
luminophore  dispersion.  This  ratioing  effectively  makes  the  S3F  a  differential  pressure  gauge  with 
tunable  dynamic  range  calibration  by  modifying  the  film’s  modulus  of  elasticity  and  Poisson  ratio. 
The  normal  pressure  and  tangential  surface  stresses  which  caused  the  three-dimensional  deformations 
are  reconstructed  from  an  inverse  finite  element  model,  whose  inputs  are  the  film  thickness-sensitive 
luminescent  intensity  and  the  tracer  translations  between  flow-off  and  flow-on  conditions. 

Some  insight  into  the  operation  of  the  S3F  technique  can  be  gained  by  considering  the  simplified 
response  of  the  film  to  normal  and  tangential  loads.  The  response  to  a  purely  normal  load  is  shown 
in  Figure  D.l(a).  As  mentioned  above,  the  film  will  deform  under  the  normal  load  but  will  not 
compress  or  yield.  The  local  thickness  of  the  film  will  be  modified  by  the  presence  of  the  load 
near  the  point  of  application,  and  will  return  to  its  original  shape  upon  its  removal.  Maximum 
surface  displacement  is  a  function  of  the  material  properties  and  the  applied  normal  load.  Materials 
are  typically  formulated  in  order  to  ensure  a  deflection  less  than  5%  of  the  total  film  thickness 
under  maximum  anticipated  loading,  and  can  be  produced  to  provide  less  than  1%  deflection.  The 
issue  of  concern  is  to  ensure  the  film  displacement  does  not  introduce  flow  changes  due  to  the  surface 
deflection.  The  stressed  film  thickness  is  a  function  of  the  applied  normal  force,  the  original  thickness 
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The  film  will  displace  under  the  load  as  die  film  sheais 
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The  loaded  thickness  is  a  function  of  die  applied  force, 
die  original  thickness  of  die  film,  and  die  shear  module  of  die  film 


The  displacement  is  a  function  of  die  applied  force, 
die  thickness  of  die  film,  and  die  shear  module  of  the  film 


(b)  Tangential  load  response. 


(a)  Normal  load  response. 

Figure  D.l:  Simplified  S3F  responses. 


of  the  film,  and  its  shear  modulus,  h=f(F/v,  h,  fi).  The  film  responds  to  gradients  in  pressure  and 
not  to  changes  in  static  pressure.  This  can  be  a  significant  advantage  for  several  reasons.  First,  the 
sensor  is  a  differential  rather  than  an  absolute  gauge  and  thus  can  be  tuned  for  applications  that 
require  larger  or  smaller  sensitivity.  Furthermore,  the  result  is  a  shear  sensor  that  is  insensitive  to 
static  pressure  changes. 

The  response  of  the  film  to  a  purely  tangential  force  is  depicted  in  Figure  D.l(b).  Here,  the 
surface  of  the  film  will  undergo  a  tangential  displacement  due  to  the  load  but  again  will  not  yield 
or  compress.  The  response  of  the  film  may  be  visualized  by  considering  a  series  of  markers  on  the 
surface  of  the  film.  The  markers  will  be  displaced  as  the  film  shears  and  this  displacement  is  a 
function  of  the  film  properties.  Again,  upon  removal  of  the  load  the  film  will  return  to  its  original 
shape.  The  actual  response  of  the  film  is  more  complex  as  the  responses  are  mildly  coupled;  a  pure 
tangential  load  will  generate  a  slight  change  in  film  thickness  and  a  pure  normal  load  will  generate  a 
slight  tangential  displacement.  These  simplified  examples  however  demonstrate  the  basic  operation 
of  the  S3F. 

There  are  several  ways  for  films  to  be  applied  to  a  surface  including  spraying  with  an  airbrush, 
allowing  the  film  to  polymerize  in  a  cavity  on  the  model  surface,  and  forming  the  film  in  a  cavity 
on  a  flexible  layer  which  can  be  glued  onto  a  model  surface.  Forming  films  in  cavities  provides  good 
control  of  the  film  thickness  and  physical  properties  and  control  of  these  parameters  is  necessary 
for  quantitative  measurements  of  pressure  and  shear  stress.  Film  formation  consists  of  pouring  the 
polymer  components  into  a  flat  cavity  with  a  smooth  or  polished  bottom.  The  film  thickness  can  be 
estimated  by  direct  measurements  using  either  optical  absorption  or  a  capacitive  thickness  gauge. 
The  film  calibration  procedure  involves  applying  a  specified  load  to  the  film  surface  and  measuring 
the  corresponding  normal  and  tangential  deformation  of  the  film. 

A  final  property  of  interest  is  the  film’s  frequency  response  and  their  potential  as  a  high-frequency 
probe  for  both  shear  stress  and  pressure.  The  range  of  the  linear  frequency  response  of  such  an 
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elastomer  is  limited  by  the  natural  frequency  of  the  shear  oscillation,  and  can  be  estimated  by 
Equation  D.l: 

<D1> 

where  p  is  the  shear  modulus  of  the  film,  p  is  the  film  density,  and  h  is  the  film  thickness.  Previous 
composition  variations  with  p  e(10  -  1000) Pa  and  he (0.1  -  l)mm  have  produced  films  with  frequency 
responses  from  0.3  to  10kHz.  A  detailed  description  of  the  technique  along  with  proof  of  concept 
tests  are  now  presented. 

Measurement  Concept  Let’s  consider  a  cavity  V  having  length  L  and  depth  h  filled  with  elastic 
material  with  known  shear  modulus  p  and  Poisson  ratio  v.  The  upper  contact  surface  is  submerged 
in  the  flow  creating  a  pressure  distribution  p(x)  and  friction  force  f(x).  Surface  loads  provide  elastic 
deformations  and  we  can  measure  normal  uy  and  tangential  uxpiz  displacement  fields  of  the  surface 
points.  In  the  absence  of  volume  forces,  the  homogeneous  elastic  material  and  small  deformations 
equations  of  equilibrium  can  be  represented  as  Lame  equations  [Braess  2002]: 

(A  T  p)0fc  T  pAufc  =  0  (D.2) 

which  are  based  on  the  Cauchy  estimation  for  the  deformation  tensor: 

Ck,i  =  2^ k,i  +^z,/ c)  (D-3) 

Here,  the  volume  deformation  0  =  en  +  622  +  633,  and  A  =  (2pu)/(l  —  2u).  The  three  equations  D.2 
are  accompanied  by  boundary  conditions.  On  the  contact  surface  S',  displacements  Uk  are  described 
as  measured  functions  of  coordinates: 


Ui  =  uoi(xi)  on  S  (D.4) 

and  Ui  =  0  on  the  other  cavity  boundaries.  Thus,  the  described  equation  system  is  elliptic  in  the 
cavity  for  all  values  of  Poisson  ratio  excluding  0.5  and  1  and  therefore  has  a  single  solution.  For 
the  cavity  occupying  a  half-space  this  is  known  as  the  Boussinesq  problem  and  the  equation  of 
equilibrium  can  be  integrated. 

S3F  is  a  material  with  a  very  low  compressibility  like  rubber.  S3F  is  essentially  a  rarefied 
polymeric  matrix  filled  with  an  incompressible  fluid.  It  requires  a  great  deal  of  energy  to  produce  a 
small  change  in  density.  It  simplifies  measurements  of  normal  displacement  component  (see  below) 
but  provides  an  additional  problem  in  the  mathematical  model  -  a  large  difference  in  the  magnitude 
of  Lame  constants: 

A  >>  p 
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For  the  sake  of  simplicity,  let’s  limit  our  consideration  by  a  plane  strain  case,  then  uz  is  zero  on 
the  total  contact  surface.  Lame  equations  D.2  can  be  rewritten  in  variational  form  as  [Danaila  et  al. 


20031: 


/  [2/xeij(u)eij(v)  +  \ea(\\)ejj(y)\dx  =  /  g vdx,  vGf 

Jv  J  Sii 


where  g=(f,p)  are  the  loads  acting  on  contact  surface  S  and  v  =  (vx,vy)  is  the  probe  vector. 

Substituting  A e^-  =  p,  we  are  led  to  the  following  problem:  Find  (u,p)  such  that 

+peu(v)]dx  =  fSug-vdx,  veV  ^ 

JyMu)<?-  \p(\i)q]dx  =  0,  q&L2 

It  is  shown  in  [Danaila  et  al.  2003]  that  problem  D.6  has  a  finite  element  solution  that  converges 
uniformly  in  A.  The  system  D.6  provides  the  possibility  to  create  a  system  of  functions  of  influence 
or  Green’s  functions  as  FEA  solutions  for  surface  loads  g  which  model  delta-type  functions.  In  this 
case,  the  surface  displacements  are  a  convolution  of  the  matrix  of  influence  G  and  loads  g  applied 


on  the  contact  surface  S: 


where 


u(x)  =  /  G(x  — x')g (x')dx' 


is  the  matrix  of  Green  functions  or  matrix  of  influence.  The  FEA  approximation  of  functions  of 
influence  is  presented  in  Figure  D.2,  where  constant  loads  were  applied  on  the  interval  [O.lh,  O.lh] 
of  an  elastic  test  strip  having  p  =  100  and  v  =  0.4999,  with  thickness  h=lmm  and  length  [-10h, 
lOh] .  Red  lines  present  the  surface  displacement  reaction  on  the  shear  load  in  the  shear  (1)  and 
normal  (2)  directions,  while  the  blue  lines  present  the  reaction  on  the  normal  load  in  the  normal  (3) 
and  tangential  (4)  directions.  The  normal  displacement  due  to  the  action  of  a  normal  force  can  be 
approximated  by  the  function: 

ryy{x)  =  —  [(a0  +  aiexp(-|x|//ci)  +  a2exp(-\x\/k2)\  (D.8) 

/i 

where  parameters  (Aq,  &2,  and  cq)  are  obtained  by  fitting  the  FEA  data.  The  shear  (tangential) 
displacement  due  to  the  action  of  an  applied  normal  force  can  be  approximated  by  the  function: 

fyx{x)  =  -(a3xexp(-\x\/k3)  (D.9) 

fl 

Similarly  for  the  case  of  an  applied  shear  load,  the  approximations  for  normal  and  shear  displace¬ 


ments  are  given  by: 


fxy(x)  =  -(aAxexp(-\x\/kA) 


(D.10) 
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Figure  D.2:  S3F  response  functions  on  loads  for  IPa  force  applied  on  the  interval  [-0.1,  0.1]. 


rxx(x)  =  -a6exp[a6  +  a7exp(-\x\/k6)  +  a8exp(-\x\/k6)\ 

(i 


(D.ll) 


Rewriting  (D.7)  in  discrete  form  the  reaction  to  an  arbitrary  load  Lij  =  ( Lxi ,  Lyi )  applied  at  surface 
location  [xq,xn]  can  be  presented  as: 

N 

Rxj  =  Ax  ^  ^  Lx]^rxx{xj  Xfc)  H-  Lyf~VyX(xj  Xk)  (D.12) 


k= 0 
N 


Ryj  -  LX}~VXy(Xj  X]^j  H-  LyfcVyy^Xj  X  ) 


(D.13) 


k= 0 


Gjk  — 


(D.14) 


This  system  of  linear  equations  (D.12  and  D.13)  with  unknown  L &  has  the  diagonally  dominant 
matrix: 

/  „ 

^ xx  jk  T xyjk 
ryxjk  ryyjk 

which  can  be  inverted  and  used  to  solve  for  the  applied  loads.  Figure  D.4  presents  amplitude- 
frequency  characteristics  of  the  response  functions,  which  were  estimated  using  their  approximation 
of  FEA  results.  The  workable  region  of  spatial  frequencies  is  located  in  the  interval  [0.05.. 0.5]  where 
the  AFC  of  normal  and  cross-talk  component  reveals  differential  properties;  the  AFC  of  the  shear 
component  is  integrative  and  at  least  10  to  100  times  larger  which  explains  the  possibility  to  resolve 
a  comparatively  small  friction  force  in  the  presence  of  high  pressure  gradients. 
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Figure  D.3:  3D  presentation  of  G  matrix. 


Figure  D.4:  Amplitude-Frequency  Characteristics  of  normal  component  (blue),  shear  component 
(red),  and  crosstalk  (green)  components  of  response  function,  u  =  Q,/ujq\  the  spatial  frequency 
referenced  to  cj0  =  1  /h.  Planar  FEA  model  for  S3F  with  fi=  lOOPa  and  v= 0.99. 
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Uncertainty  Analysis 


“Who  can  comprehend  errors?” 

-  Psalm  19,  verse  13 

There  are  two  basic  types  of  errors  in  measurement:  random  and  systematic  [Dieck  2002].  Ran¬ 
dom  errors  affect  results  to  cause  scatter  in  test  data;  systematic  errors  remain  relatively  constant 
over  an  experiment  and  cause  bias  in  the  results.  Both  types  of  errors  cause  deviation  from  the  true 
value  and  are  always  present  in  every  experiment  measuring  any  type  of  quantity.  Uncertainty  anal¬ 
ysis  seeks  to  classify  these  errors  and  determine  their  overall  effects  on  the  test  result  in  order  to  gain 
an  appreciation  of  “how  good”  the  measurement  is.  This  appendix  presents  a  rigorous  theoretical 
uncertainty  analysis  for  the  thermal  anemometry  and  pressure  measurement  techniques  employed 
in  this  dissertation,  as  well  as  a  repeatability-based  analysis  based  on  test  data  acquired  over  a 
small  time  interval  respective  of  the  time  scale  used  for  the  results  presented  in  Chapter  4.  As  the 
surface  stress  film  is  a  developing  technology  and  the  reduction  methodology  is  under  development, 
no  uncertainty  analysis  is  presented  for  S3F.  The  total  uncertainty  definition  used  in  this  work  is 
the  U95  uncertainty  model  which  produces  uncertainty  intervals  at  95%  confidence.  All  terminology 
presented  in  this  Appendix  can  be  found  in  [Dieck  2002] . 


Definitions  and  Methodology 


Several  definitions  are  required  to  understand  uncertainty  terminology.  The  standard  deviation  of 
a  measurement,  Sx ,  is  defined  as: 


ST  = 


-  x)2 


N  -  1 


(E.l) 
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where  Xi  is  the  value  of  the  ith  X  in  the  sample,  X  is  the  sample  average,  and  N  is  the  sample  size. 
The  random  uncertainty  of  a  sample,  S^,  uses  the  standard  deviation  as  follows: 


Si  = 


(E.2) 


The  systematic  uncertainty  of  a  sample,  £>£,  is  taken  from  manufacturer  specifications  of  accuracy 
for  a  given  instrument.  There  are  also  errors  in  measurement  due  to  uncertainties  in  the  instrument 
calibration  process,  which  are  also  divided  into  random  and  systematic  components.  The  random 
calibration  uncertainty,  Sx,Cah  is  defined  as: 


Bx  cal 


EW-^c)2 


1  1/2 


N  -K 


(E.3) 


where  Yi  is  the  ith  data  point  in  a  calibration  corresponding  to  JQ,  Y^c  is  the  value  of  the  curve 
fit  corresponding  to  JQ,  and  K  is  the  number  of  calibration  coefficients  used  in  the  curve  fit.  The 
systematic  calibration  uncertainty,  Bx,cau  is  determined  by  the  process  used  to  calibrate  the  in¬ 
strument.  In  this  work,  a  Ruska  72501p  low-pressure  calibrator  was  used  to  calibrate  the  pressure 
transducer,  and  its  systematic  calibration  uncertainty  was  obtained  from  the  manual  provided  with 
the  calibrator.  The  hot-film  sensors  were  then  calibrated  against  the  pressure  transducer,  and  the 
hot-film  systematic  calibration  uncertainties  were  obtained  by  propagating  the  pressure  transducer 
uncertainty  through  the  Bernoulli  equation: 


V  = 


(E.4) 


where  P  is  the  pressure  at  the  measurement  point  of  interest  and  p  is  the  density  of  air  (1.168 
kg/m3).  The  influence  coefficient,  which  determines  the  sensitivity  of  the  hot-film  test  result  to 
the  pressure  transducer’s  uncertainty,  is  found  by  taking  the  partial  derivative  of  the  velocity  with 
respect  to  pressure: 


dV 

OP 


=  (2  pP)~1/2 


(E.5) 


The  systematic  calibration  uncertainty  for  the  hot-film  results  is  then  determined  by: 


Bx 


x,cal,HF  — 


(U95pr)2 


1  1/2 


(E.6) 


where  U95pr  is  the  total  uncertainty  of  the  pressure  measurement  at  95%  confidence  given  by: 

C/95  =  ±t  [(Ss)2  +  ( SS,cal )2  +  (Bx/2)2  +  ( Bx,cai )2] 1/2  (E.7) 


where  t  is  the  proper  value  of  the  Student’s  t-distribution.  The  individual  instrument  uncertainties 
must  then  be  propagated  into  the  loss  definitions  presented  as  Equations  3.1  and  3.2  and  root- 
sum-squared  similar  to  Equation  E.6  above.  The  resulting  influence  coefficients  (partial  derivatives) 
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Measurement  Uncertainties 

The  uncertainty  in  this  appendix  is  determined  by  two  distinct  methods:  the  first  being  a  rigorous 
treatment  of  the  applicable  equations  for  the  loss  coefficient  following  the  methodology  presented 
in  [Dieck  2002],  and  the  second  being  a  repeatability-based  uncertainty  determined  by  comparing 
multiple  sets  of  test  data  taken  on  different  days  at  the  same  Reynolds  numbers. 


Theoretical  Determination 

All  pressure  measurement  data  are  acquired  with  a  Druck  LPM5481  low-pressure  differential  trans¬ 
ducer  with  range  from  -0.2  to  0.8  inches  of  H2O  and  a  measurement  face  diameter  of  1.5mm.  Table 
E.l  presents  the  uncertainty  breakdown  for  the  Druck  transducer  at  two  dynamic  pressures,  7.5e- 
3  and  1.3e-l  inches  H2O  (or  1.8  and  7.3  m/s).  These  flow  speeds  correspond  to  the  L1M  test 
case  Reynolds  numbers  of  21,000  and  86,000,  the  lower  and  upper  Reynolds  number  bounds  of  the 
acquired  experimental  test  data  for  the  L1M  and  L2F  airfoils.  At  both  dynamic  pressures,  the  un- 


Table  E.l:  Druck  LPM5481  differential  pressure  trans¬ 
ducer  uncertainty  [in  H20]. 


Pressure 

Bi/2 

$x,cal 

Px,cal 

£795 

7.5e-3 

6.6e-3 

1.0e-3 

0.0e0 

4.5e-13 

1.3e-2 

1.3e-l 

3.7e-4 

1.0e-3 

O.OeO 

1.3e-10 

2.2e-3 

certainty  is  dominated  by  the  random  and  systematic  components  based  solely  on  the  transducer’s 
response  and  not  on  the  calibration  process.  The  high  levels  of  random  uncertainty,  is  believed 
to  be  due  to  two  physical  phenomena  occurring  during  the  uncertainty  data  acquisition.  First,  one 
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(a)  Mean=7.5e-3,  Sx=6-6 e-3.  (b)  Mean=1.3e-1,  S%= 3.7e-4. 

Figure  E.l:  Distributions  of  pressure  measurements  about  the  means  [inH^O.]. 

end  of  the  differential  transducer  was  plumbed  to  the  inlet  freestream  where  the  random  uncertainty 
was  affected  by  the  freestream  unsteadiness  generated  by  the  upstream  turbulence  grid.  Second,  the 
other  end  of  the  transducer  was  plumbed  to  a  position  behind  the  cascade  close  to  the  inside  wall 
where  wake  effects  should  be  minimal  but  still  affect  the  reading.  It  is  suspected  that  these  unsteady 
mechanisms  (turbulence  grid  and  wake  effects)  induced  fluctuations  read  by  the  transducer  which 
is  wrongly  cited  as  random  uncertainty.  Figure  E.l  shows  the  distributions  of  measurements  about 
the  mean  for  both  flow  speeds,  where  the  x-axis  corresponds  to  each  of  the  30  measurements  taken 
for  uncertainty  calculations,  the  y-axis  corresponds  to  the  amount  over  or  under  the  mean,  and  the 
red  line  represents  the  respective  mean.  Each  measurement  is  an  average  of  data  taken  at  1kHz  for 
30,000  samples,  with  an  average  time  of  2  minutes  in  between  successive  measurements.  In  Figure 
E.l(a)  for  the  mean  pressure  of  7.5e-3  inH^O,  the  standard  deviation  is  equal  to  0.00663  U1H2O. 
In  Figure  E.l(b)  for  a  mean  pressure  of  1.3e-l  inH20,  the  standard  deviation  is  equal  to  0.00037 
inH20,  which  illustrates  how  increasing  the  flow  speed  dramatically  decreases  the  fluctuation  about 
the  mean  value.  For  purposes  of  completeness,  this  theoretical  treatment  of  uncertainty  will  continue 
to  use  the  random  uncertainty  for  the  pressure  transducer  as  presented  in  Table  E.l,  although  it  is 
believed  that  the  low  Re  random  error  assessment  contains  systematic  error  which  renders  its  use 
invalid.  Therefore,  estimates  using  both  the  high  -Re  and  low  -Re  uncertainty  will  be  used  at  low  -Re, 
since  it  is  believed  that  the  true  random  error  of  the  pressure  transducer  was  that  obtained  at  the 
higher  Reynolds  number. 

Throughout  this  work,  two  different  hot-film  sensors  were  used  to  acquire  velocity  data.  The  first 
is  a  TSI  1240-20  x-wire  hot-film  probe  and  the  second  is  a  single  normal  1211-20  hot-film  sensor. 
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Table  E.2  presents  the  uncertainty  breakdown  for  both  sensors  at  the  same  flow  speeds  as  reported 
for  the  Druck  pressure  transducer.  In  this  table,  no  entry  was  supplied  for  the  systematic  uncertainty, 

Table  E.2:  TSI  1240-20  x-wire  and  1211-20  hot-film 


uncertainties  [m/s]. 


1240-20 

Speed 

Sx 

B*/ 2 

$x,cal 

Bx,cal 

C/95 

1.8 

2.3e-2 

N/A 

7.4e-3 

1.5e-0 

3.0e0 

1.8* 

2.3e-2 

N/A 

7.4e-3 

2.7e-l 

5.4e-l 

7.3 

9.5e-3 

N/A 

7.4e-3 

6.4e-2 

1.3e-l 

1211-20 

Speed 

Sx 

Bx/ 2 

$x,cal 

Bx,cal 

C/95 

1.8 

3.5e-3 

N/A 

6.2e-3 

1.5e0 

3.0e0 

1.8* 

3.5e-3 

N/A 

6.2e-3 

2.7e-l 

5.4e-l 

7.3 

8.9e-3 

N/A 

6.2e-3 

6.4e-2 

1.3e-l 

Calculations  using  pressure  uncertainty  of  2.2e-3 
inH20. 


Bx ,  since  there  is  no  straight-forward  way  to  assess  the  systematic  uncertainty  present  in  the  complex 
hot-wire  data  reduction  scheme.  In  these  situations,  the  uncertainty  reference  [Dieck  2002]  suggests 
making  an  (absolutely  dangerous!)  educated  guess  as  to  the  magnitude  of  the  unknown  systematic 
uncertainty  if  one  is  comfortable  and  experienced  with  such  measurements.  As  this  author  is  not 
comfortable  doing  so,  the  entry  is  left  blank  as  a  “best  chance”  determination.  This  table  shows 
how  the  uncertainties  for  both  the  1240-20  x-wire  and  the  1211-20  hot-film  are  dominated  by  the 
propagated  uncertainty  of  the  pressure  transducer.  As  expected,  comparison  of  the  uncertainties  for 
the  flow  speed  of  1.8  m/s  using  the  propagation  of  low  -Re  and  high  -Re  pressure  uncertainties  shows 
how  using  the  lower  random  uncertainty  for  the  pressure  transducer  results  in  lower  uncertainty  in 
the  flow  speed. 

Table  E.3  shows  the  influence  coefficients  defined  by  Equations  E.8  through  E.12  for  both 
Reynolds  numbers  analyzed.  This  table  shows  how  the  uncertainty  in  both  area-averaged  and 
flux-averaged  loss  is  more  heavily  influenced  by  the  pressure  uncertainty,  while  the  velocity  uncer¬ 
tainty  does  not  contribute  a  significant  effect.  As  expected,  the  influence  of  the  pressure  uncertainty 
decreases  with  Reynolds  number,  as  the  magnitudes  of  the  influence  coefficients  at  Re  =  86k  drop 
significantly  compared  to  those  at  Re  =  21  k. 
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Table  E.3:  Influence  coefficients  for  loss  definition  uncertainties. 


Reynolds  # 

dLarea  * 

dLarea  * 

dLflux  + 

dLflux  * 

dLflux  * 

d(Pt,in~Pt,ex ) 

9(Pt,  in-Ps,  in) 

duex 

d(Pt,in~Pt,ex ) 

d(Pt, in-Ps, in) 

21  k 

57.47 

-49.55 

0.00 

57.47 

-49.55 

86  k 

3.36 

-2.93 

0.00 

3.36 

-2.93 

*  Units  equal  to  [inH^O]  K 
1  Units  equal  to  [m/s]-1. 


Table  E.4:  Theoretical  uncer¬ 
tainty  in  loss  coefficients. 


Reynolds  # 

^area 

L  flux 

21  k 

0.3786 

0.3786 

21  k* 

0.2361 

0.2361 

86  k 

0.0072 

0.0072 

Calculations  using  pressure 
uncertainty  of  2.2e-3  U1H2O. 


The  resultant  effect  of  the  instrument  uncertainties  on  the  experimental  loss  coefficients  are  pre¬ 
sented  in  Table  E.4  for  both  Reynolds  numbers.  Here,  both  values  of  random  uncertainty  for  the 
pressure  transducer  are  included.  This  table  shows  an  uncertainty  in  loss  of  0.3786  or  0.2361  at 
Re  =  21  k  and  0.0072  at  Re  =  86fc,  again  showing  that  the  uncertainty  decreases  with  Reynolds 
number.  However,  the  large  value  of  uncertainty  at  Re  —  21k  must  be  an  extremely  conservative 
estimate  using  either  random  uncertainty  for  the  pressure  transducer,  since  a  true  uncertainty  of 
this  magnitude  would  preclude  the  attainment  of  the  well-correlated  Reynolds  lapse  trends  seen  in 
Figure  4.1.  In  fact,  the  correlation  between  data  points,  which  were  taken  over  multiple  days  for 
each  airfoil,  as  well  as  the  agreement  of  trends  seen  with  the  L2F  CFD  predictions  and  experimental 
findings  suggest  the  accuracy  of  the  experimental  results  must  be  better  than  the  theoretical  un¬ 
certainty  obtained  through  the  rigorous  treatment  of  propagated  uncertainties.  Therefore,  another 
method  of  determining  the  accuracy  of  the  experimental  results  based  on  multiple  data  sets  of  the 
same  Reynolds  number  is  presented  in  the  next  section  to  provide  an  uncertainty  based  upon  the 
repeatability  of  loss  coefficient  determination. 
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Repeatability-Based  Determination 

For  an  estimation  of  experimental  uncertainty  based  on  repeatability,  multiple  data  sets  of  the 
same  test  condition  using  the  L2F  airfoil  were  compared  to  determine  standard  deviations  of  loss 
coefficients  at  three  Reynolds  numbers:  3  sets  at  21  k,  2  sets  at  34 fc,  and  3  sets  at  39 k.  These 
sets  include  those  presented  earlier  in  Figure  4.1,  and  give  a  total  of  8  sets  upon  which  an  average 
standard  deviation  can  be  produced  which  represents  a  repeatability-based  uncertainty.  Table  E.5 
shows  the  calculated  area-  and  flux-averaged  loss  coefficients  and  standard  deviations  of  those  loss 
coefficients  for  each  of  the  three  Reynolds  numbers.  The  first  entry  for  each  Reynolds  number  were 
plotted  in  the  Reynolds  lapse  plot  of  Chapter  4. 


Table  E.5:  Repeatability-based  standard  deviation  in  L2F  loss  coefficients  at  low  Re. 


-karea 

k  flux 

Reynolds  # 

1 

2 

3 

stdev 

1 

2 

3 

stdev 

21  k 

0.1788 

0.1889 

0.1695 

0.0097 

0.1665 

0.1813 

0.1572 

0.0122 

34  k 

0.1575 

0.1594 

- 

0.0013 

0.1508 

0.1529 

- 

0.0015 

39  k 

0.1444 

0.1478 

0.1469 

0.0018 

0.1383 

0.1422 

0.1408 

0.0020 

As  the  standard  deviations  provided  above  in  Table  E.5  represent  actual  test  data,  they  are 
believed  to  be  more  realistic  and  representative  of  the  true  uncertainty  in  the  loss  coefficients. 
Therefore,  the  above  standard  deviations  for  each  of  the  low  Reynolds  number  cases  are  accepted 
for  the  true  uncertainty  of  the  loss  coefficients  at  those  Reynolds  numbers.  The  experimental  L2F 
loss  coefficients  of  Figure  4.1  with  error  bars  representing  the  standard  deviations  at  low  Reynolds 
number  found  in  Table  E.5  are  plotted  along  with  the  theoretical  uncertainty  for  Re  =  86k  in  Figure 
E.2.  This  figure  shows  how  the  trends  described  in  Chapter  4  remain  valid  after  repeatability-based 
uncertainty  is  applied.  It  is  also  believed  that  the  amount  of  uncertainty  at  Re  =  86k  represented 
by  the  error  bars  in  this  figure  is  greater  than  what  could  be  expected  if  multiple  data  sets  were 
taken  for  this  Reynolds  number  and  a  repeatability-based  uncertainty  was  performed. 
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Figure  E.2:  L2F  Reynolds  lapse  with  error  bars  at  low  and  high  Re. 
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Short  History  of  Gas  Turbine 
Engine  Development  -  DRAFT 


In  1909,  the  United  States  government  commissioned  the  Wright  brothers  to  build  the  first  military 
aircraft,  powered  by  a  piston  engine  and  a  propeller.  In  1921,  the  propulsion  system  of  modern 
aircraft  achieved  its  first  breath  of  life  in  the  patent  of  Guillaume  [Mattingly  1996].  This  new  design 
would  use  turbomachinery  to  create  a  large  jet  of  fluid  exiting  the  engine,  providing  the  basis  for  the 
term  “jet  engine”.  In  this  design,  the  intake  air  was  first  compressed  by  an  axial- flow  compressor 
before  entering  a  radial  combustor.  An  axial-flow  turbine  followed  the  combustor,  extracting  just 
enough  energy  to  drive  the  compressor.  This  design  soon  became  shelved  as  then-current  propeller- 
driven  aerovehicles  could  not  exceed  200  mph;  a  flight  speed  of  nearly  400  mph  would  be  necessary 
to  be  compatible  with  Guillaume’s  jet  engine  exhaust  speeds. 

Fortunately  enough,  the  gas  turbine  engine  idea  would  see  another  avenue  into  existence  through 
the  work  of  Sir  Frank  Whittle  in  the  UK.  In  December  of  1929,  Whittle  came  up  with  the  idea  of 
increasing  the  fan  pressure  ratio  and  adding  a  turbine  to  existing  reciprocal  engines.  Just  a  month 
later  in  January  of  1930,  Whittle  applied  for  a  patent  of  the  first  turbojet  engine:  a  multi-stage, 
axial-flow  compressor  followed  by  a  radial  compressor  stage,  then  the  combustor,  then  an  axial-flow 
turbine  to  drive  the  compressor,  followed  by  an  exhaust  nozzle.  He  considered  the  turbojet  as  a 
hybrid  of  “propeller  gas  turbine”  and  “rocket”  principles.  In  1936,  he  then  conceived  the  idea  of  a 
bypass  engine  or  turbo  fan,  which  diverts  air  flow  pathways  to  achieve  better  efficiencies.  By  April  of 
1937,  Whittle  accomplished  the  first  bench-test  of  a  jet  engine  using  liquid  fuel. 

Simultaneous  with  Whittle,  a  German  scientist  was  making  great  headway  into  gas  turbine  engine 
development.  In  1936  Hans  von  Ohain,  the  so-called  father  of  German  jet  propulsion  technology, 
started  working  on  a  new  combustor  design  using  hydrogen  as  the  fuel.  Incredibly,  he  completed  a 
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working  prototype  of  the  hydrogen  combustor  in  just  2  months!  By  February  of  1937,  von  Ohain 
completed  the  hydrogen  jet  engine  prototype  and  by  1938  had  a  functioning  annular  combustor  now 
using  gasoline  as  the  fuel.  On  August  27,  1939,  Hans  von  Ohain’s  annular  combustor  design  helped 
power  the  first  flight  of  a  turbojet  aircraft  (German  He- 178)  anywhere  in  the  world.  The  flight 
in  itself  was  remarkable,  but  it  also  had  about  2-3  times  the  net  power  output  to  engine  weight 
ratio  than  the  best  propeller /piston  engines  of  equal  thrust,  and  for  the  first  time  the  combustion 
chambers  could  be  made  small  enough  to  fit  inside  the  engine  envelope  as  determined  by  the  required 
sizes  of  compressor  and  turbine  blading. 

In  that  same  year  of  1939,  a  retired  German  patent  examiner  found  and  published  the  early  jet 
engine  patents.  By  the  1940s,  the  US  company  Pratt  &  Whitney  gained  an  interest  in  jet  propulsion, 
but  wartime  policies  restricted  their  involvement.  After  World  War  II,  P&W  went  full  steam  ahead 
into  jet  propulsion  using  turbomachinery,  and  with  US  government  support  started  constructing 
their  own  facility  for  design  and  testing.  In  September  of  1941,  the  US  bought  some  of  Whittle’s 
plans  from  the  British  Air  Commission,  and  by  1945  Lockheed’s  single  engine  P80A  Shooting  Star 
powered  by  General  Electric’s  4000-lb  thrust  140  engine  reached  620  mph;  the  jet  age  had  officially 
begun. 

In  the  1960s,  Whittle’s  original  idea  of  a  bypass  engine  received  greater  attention.  The  high- 
bypass-ratio  fanjets  and  turbojets  emerged,  which  allowed  the  “ 2nd  generation”  of  commercial  jet 
aircraft,  the  so-called  widebody  such  as  the  Boeing  747  with  a  passenger  capacity  of  around  400.  The 
advantages  of  these  new  gas  turbine  engines  included  higher  overall  efficiencies  which  provided  longer 
flight  times  and  range  (the  1939  German  He-178  had  an  engine  life  of  around  20  operational  hours), 
shorter  travel  times  which  increased  passenger  enjoyment,  and  quieter  and  cleaner  emissions.  Much 
of  the  work  following  the  end  of  World  War  II  focused  on  improving  the  compressors  and  combustors, 
as  these  components  are  the  basis  for  the  power  output  of  the  engine. 

Even  with  superior  thrust /weight  ratios,  the  early  turbojets  were  not  suitable  for  applications 
where  greatest  fuel  economy,  highest  reliability,  and  long  endurance  and  service  life  were  required. 
Newer  developments  therefore  focused  on  an  ever-increasing  overall  efficiency,  larger  power  output 
engines,  larger  power  output  to  engine  weight  ratios,  and  greater  service  life,  endurance,  and  reli¬ 
ability.  A  first  step  to  accomplish  these  goals  was  to  again  focus  on  the  compressor  and  increase 
its  pressure  ratio  in  order  to  increase  overall  engine  efficiency.  A  1940s  turbine  engine  may  have  a 
compressor  pressure  ratio  of  3:1  with  efficiencies  near  80%,  whereas  modern  engines  can  exceed  40:1 
with  efficiencies  greater  than  90%.  This  increase  was  in  part  due  to  multiple  rotor  and  variable  sta¬ 
tor  arrangements  coupled  with  variable  front-stage  bleeding  to  minimize  the  compressor-combustor 
mismatchings  which  killed  the  efficiencies  of  early  turbojets.  An  improved  compressor  efficiency  and 
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increased  mass  flow  were  the  big  players  which  reduced  engine  length,  frontal  area,  and  the  power- 
to-weight  ratio.  Much  of  the  above  improvements  were  only  possible  through  combined  efforts  of 
industry  and  government  with  private  research  companies  and  universities. 

After  compressor  efficiency  and  mass  flow  increases,  the  next  big  development  was  to  increase 
turbine  inlet  temperatures,  which  led  back  to  improving  combustors  for  higher  efficiency  and  lower 
pollution.  A  major  development  for  turbine  component  improvement  came  with  cooled,  hollow 
blades  which  provided  some  defense  against  the  hot  combustor  exhaust  gases  and  allowed  those 
higher  turbine  inlet  temperatures.  Heat-resistant  materials  also  improved  the  turbine  section.  With 
these  new  efforts,  the  bypass  ratio  exceeded  8:1,  where  up  to  8  times  the  massflow  going  through 
the  turbine  now  was  diverted  straight  into  the  exhaust  mixing  chamber  so  that  proper  exit  exhaust 
velocities  could  be  maintained.  These  higher  bypass  ratios  allowed  longer  flight  ranges,  more  thrust 
at  lower  speeds  (good  for  takeoff  and  climbing),  lower  jet  velocities  which  lowered  the  noise,  and 
lower  fuel  consumption  and  reduced  chemical  emissions. 

A  next  logical  step  in  gas  turbine  design  is  to  increase  the  loading  of  each  individual  turbine 
blade.  This  will  be  achieved  only  with  the  use  of  improved  transition  modeling,  and  provides  a 
means  to  extract  more  power  from  existing  arrangements  or  to  decrease  the  required  number  of 
blades  for  an  equivalent  overall  loading  of  existing  arrangements.  A  decrease  in  blade  count  will  also 
decrease  the  overall  investment  cost  of  the  engine  from  initial  purchase  through  maintenance  and 
replacement.  This  thesis  serves  to  illustrate  how  much  more  lift  is  available  from  the  low-pressure 
turbine  section  when  modern  modeling  and  design  strategies  are  employed. 
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LPT  Aerothermodynamics  and 
Flow  Physics  -  DRAFT 

As  mentioned  earlier  in  Chapter  1,  flow  in  the  low-pressure  turbine  section  is  dictated  by  a  high 
degree  of  unsteadiness  and  flow  separation  at  low  Reynolds  numbers.  This  Appendix  describes  the 
aerothermodynamics  and  flow  physics  which  govern  the  performance  of  the  entire  section  as  well  as 
the  individual  blade  rows. 


Low-Pressure  Turbine  Aerothermodynamics 

The  gas  turbine  engine  thermodynamic  process  is  governed  by  the  Brayton  cycle,  which  inherently 
produces  low  efficiencies  in  the  LPT  section  due  to  the  large  variation  in  blade  velocity  with  radius 
moving  outward  from  root  to  tip  [El-Wakil  2002].  In  order  to  increase  efficiency,  designers  use  a 
higher  degree  of  curvature  for  the  low-pressure  turbine  blades  than  the  high  pressure  turbine  blades. 
This  higher  degree  of  curvature  helps  regulate  the  large  change  in  blade  velocity  with  radius.  The 
ideal  Brayton  cycle  is  comprised  of  four  processes:  an  isentropic  compression  (1  to  2),  a  constant- 
pressure  heat  addition  (2  to  3),  an  isentropic  expansion  through  the  turbine  (3  to  4),  and  a  constant- 
pressure  heat  rejection  (4  to  1)  [Mattingly  1996].  These  processes  are  shown  in  Figure  G.l.  Step  1 
to  2  is  where  the  compressor  isentropically  increases  the  pressure  of  the  gas.  Fuel  is  then  added  and 
burned  in  the  combustor  from  2  to  3.  The  gas  then  expands  through  the  turbine  and  exhaust  nozzle 
while  the  turbine  isentropically  extracts  energy  from  the  flow  from  3  to  4.  Finally,  heat  is  dumped 
externally  to  get  back  to  1  from  4.  For  an  ideal  cycle,  the  compressor  and  turbine  processes  are 
considered  to  be  both  reversible  and  adiabatic  (therefore  isentropic ),  and  the  heating  and  cooling 
processes  are  considered  to  be  constant-pressure.  For  a  calorically  perfect  gas  (7  =  constant),  the 
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(a)  T-s  diagram. 


(b)  Schematic. 


Figure  G.l:  Ideal  Bray  ton  cycle. 


ideal  Brayton  cycle  gives  the  following  results: 


bn 

1 

g 

11 

(G.l) 

Wt  =  mcp(T3  -  T4) 

(G.2) 

Qin  =  rhcp(T3  -  T2) 

(G.3) 

Q out  mcp(r4  rO 

(G.4) 

-  Wc  =  mcp[(T3  -  T4)  -  (T2  -  Ti)] 

(G.5) 

where  m  is  the  massflow  and  cp  is  the  constant  pressure  specific  heat.  The  thermal  efficiency  of  the 
cycle,  rfth,  is  given  by: 


Vth  = 


Wo, 


Qi 


(G.6) 


For  an  ideal  cycle  with  7  =  constant,  ( P2/P1 )*-7  1^7  =  T2/T\  =  X3/T4,  so  that  the  thermal  efficiency 
can  be  written  as: 

** = 1  -  U)  ^ 


Now  let’s  look  closer  at  the  turbine  section.  A  turbine  section  can  have  multiple  stages,  each 
of  which  consists  of  two  rows  of  blades,  a  stator  and  a  rotor.  The  stator  row  is  fixed  and  guides 
the  incoming  flow  into  the  tangential  direction  of  rotation.  The  row  of  rotor  blades  is  pushed  by 
the  flow,  resulting  in  a  net  torque  on  the  shaft.  Although  the  flow  is  slowed  by  viscous  friction 
across  the  stator  and  rotor  components,  the  overall  effect  of  the  entire  turbine  section  is  to  expand 
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the  gas  (increase  the  velocity)  until  its  exit  through  the  exhaust  nozzle  while  extracting  energy  to 
power  the  compressor.  The  ideal  process  described  above  is  not  accurate  due  to  energy  losses  which 
occur  in  the  real  process.  These  losses  can  be  illustrated  better  with  the  aid  of  another  T-s  diagram 
for  a  typical  low-pressure  turbine  stage,  as  shown  in  Figure  G.2.  Locations  1  and  2  correspond 


(a)  T-s  locations. 


(b)  T-s  diagram. 


Figure  G.2:  T-s  diagram  of  a  typical  LPT  stage. 


to  the  stator  inlet  and  exit,  respectively,  while  2R  and  3R  correspond  to  the  rotor  inlet  and  exit, 
respectively.  Location  3  marks  the  beginning  of  the  next  stator,  and  the  passages  between  stators 
and  rotors  (2  to  2R  and  3R  to  3)  are  considered  isentropic.  The  rotor  work  is  achieved  from  2R  to 
3R.  Constant  pressure  lines  are  shown  on  the  T-s  diagram  in  Figure  G.2(b).  As  seen  in  the  figure, 
a  pressure  drop  occurs  over  both  the  stator  and  rotor  as  the  entropy  is  increased.  These  pressure 
drops  decrease  the  efficiency  of  the  stage,  rjt,  as  related  by  [Mattingly  1996]: 


l-Ts 
1  Ti 


_  (fd(7_1)/7 


(G.8) 


Since  a  pressure  drop  (P3  <  Pi)  increases  the  denominator  in  Equation  G.8,  a  larger  P3/P1  (reduced 
pressure  drop)  will  increase  the  efficiency  of  the  stage  and  therefore  of  the  overall  engine.  The  high- 
lift  design  presented  herein  seeks  to  increase  the  loading  achieved  by  the  LPT  section  rotor  while 
simultaneously  producing  an  airfoil  with  an  improved  low-Pe  characteristic.  Flow  separation  is  a 
phenomenon  which  under  low-Pe  conditions  can  significantly  increase  the  pressure  drop  across  the 
rotor,  thereby  causing  a  reduced  efficiency  of  the  LPT  section. 
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Low-Pressure  Turbine  Flow  Physics 

Low-pressure  turbines  have  a  tough  life;  they  are  subjected  to  periodic  disturbances  from  upstream 
blade  rows  including  inviscid  pressure  waves  and  viscous  wake  interactions.  The  combination  of  a 
low  Reynolds  number  and  high  loading  make  separation  effects  extremely  important.  Coupled  with 
a  high  level  of  transition  and  turbulence  phenomena,  the  LPT  environment  is  extremely  harsh. 

LPT  Unsteadiness 

The  flow  around  a  low-pressure  turbine  is  highly  unsteady,  with  freestream  turbulence  levels  reaching 
as  high  as  20%  [Volino  and  Simon  2000].  In  their  1990  overview  of  unsteadiness  in  turbine  flows, 
Sharma  et  al  found  that  unsteady  losses  account  for  25%  -  100%  of  the  energy  losses  in  a  steady 
environment  [Sharma  et  al.  1990].  These  unsteady  effects  include  inviscid  waves,  shocks,  and  wakes 
generated  from  upstream  blade  rows  which  convect  into  downstream  blade  rows.  They  found  that 
hub  secondary  flows  are  strongly  affected  by  the  wakes  while  tip  secondaries  are  not.  These  upstream 
structures  migrate  to  the  suction  side  of  the  LPT  as  they  convect  downstream.  In  general,  the  initial 
3/4  of  the  airfoil  experience  the  majority  of  3D  unsteady  and  rotational  effects  which  play  a  significant 
role  in  pressure  distribution  and  temperature  segregation,  while  the  last  1/4  of  the  blade  is  mainly 
dominated  by  unsteady  viscous  flow  mechanisms  (separation) .  Adamczyk  explains  that  the  inability 
of  current  3D  CFD  models  using  no  empirical  correlations  to  resolve  these  unsteady  flow  features  in 
multistage  turbomachinery  flows  is  not  within  the  designer’s  required  level  of  accuracy  [Adamczyk 
2000]. 

In  1997,  Wang  et  al  experimentally  studied  the  secondary  flows  in  a  4-blade  high-performance 
Pack-B-like  LPT  cascade  at  Re  =  27,000  and  FSTI<  0.2%  [Wang  et  al.  1997].  Their  resultant 
interpretation  of  LPT  secondary  flows  are  illustrated  in  Figure  G.3(a).  The  horseshoe  vortex  at  the 
stagnation  point  is  a  periodic,  multi- vortex  structure  which  splits  off  into  pressure  and  suction  side 
vortices.  The  upwash  and  downwash  of  these  vortices  can  influence  local  minimums  and  maximums 
of  pressure  along  the  blade  surface.  The  pressure  leg  of  the  horseshoe  vortex  becomes  the  main 
passage  vortex  as  the  strong  adverse  pressure  gradient  forces  its  migration  toward  the  suction  surface, 
eventually  interacting  with  the  suction  leg  of  the  horseshoe  vortex.  These  two  vortices  finally  mix 
back  together  after  the  exit  plane  of  the  LPT.  Along  the  way,  the  main  passage  vortex  influences 
the  formation  of  a  counter-rotating  wall  vortex  whose  fluid  is  taken  from  the  inlet  boundary  layer 
upstream  of  the  cascade.  This  wall  vortex  has  significant  impact  on  the  mass  transfer  throughout 
the  main  passage.  A  major  consequence  of  the  vortex  formation  and  interaction  described  above  is 
that  the  passage  vortex  leads  to  much  of  the  pressure  loss  across  the  cascade  and  can  lead  to  high 
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(a)  Secondary  flows,  from  Wang  et  al.  1997. 


Row  1  Row  2  Row  3  Row  4 

(b)  Wake  propagation,  from  Schobeiri  et 


Figure  G.3:  Complex  unsteady  LPT  environment. 


al.  2003. 


heat  transfer  rates  to  the  blade  endwall.  The  above  unsteady  effects  are  generated  by  the  presence 
of  only  a  single  cascade.  In  reality,  LPT  sections  of  modern  gas  turbine  engines  house  multiple 
blade  rows,  so  that  all  of  the  above  disturbances  of  a  single  blade  row  are  shed  downstream  and  are 
coupled  with  other  wakes  and  disturbances  which  are  themselves  convecting  into  downstream  blade 
rows.  Figure  G.3(b)  provides  a  glimpse  of  how  complex  LPT  flow  environments  really  are;  each 
wake  or  disturbance  shed  from  one  row  migrates  downstream  where  it  is  continually  disrupted  and 
transformed  into  other  disturbances,  creating  a  high  level  of  freestream  turbulence  [Schobeiri  et  al. 
2003].  Passing  wakes  can  have  a  positive  benefit  for  low  -Re  flows  where  separation  is  a  problem,  but 
can  increase  losses  in  higher- Re  flows  where  transition  has  already  begun  [Coton  et  al.  2003].  Proper 
consideration  of  wake  mixing  effects  in  CFD  simulations  and  experiments  with  rod-generated  wakes 
also  require  consideration  of  the  local  pressure  gradient’s  influence  on  the  mixing  process  [Praisner 
et  al.  2006];  accounting  for  up  to  1.5%  of  the  total  lost  efficiency  in  turbines,  evidence  shows  a 
hastened  mixing  process  in  adverse  and  a  reduced  mixing  process  in  favorable  gradients.  Praisner  et 
al.  also  suggest  that  front-loading  causes  an  increased  “row-loss  augmentation”  (loss  reduction)  due 
to  its  earlier  diffusion  of  a  less-mixed  out  wake.  The  wakes  also  manipulate  the  secondary  flows  by 
decreasing  the  pressure  side  separation  bubble  enough  to  curb  its  contribution  to  the  main  passage 
vortex  [Schobeiri  et  al.  2003].  The  secondary  flow  pattern  then  spreads  out  more  along  the  span, 
smearing  out  the  smaller  fluctuations.  These  wakes  are  dominantly  fed  from  the  pressure  side  of  the 
blade  and  typically  shed  somewhere  between  10  to  60  Hz  in  LPT  flows  [Cicatelli  and  Sieverding  1997]. 
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This  frequency  becomes  deterministic  as  rotation  is  introduced.  The  increased  FSTI  due  to  wakes 
has  its  greatest  influence  in  the  low-loss  outer  boundary  layer  due  to  dampening  effects  near  the 
wall  [Griffin  and  Davies  2004].  As  you  progress  through  stages,  the  flow  loses  some  momentum  due 
to  the  work  being  extracted  out  by  previous  blade  rows,  thereby  decreasing  the  Reynolds  number. 
These  wakes  and  disturbances  can  sometimes  be  beneficial  in  later  stages  for  delaying  or  prohibiting 
separations  caused  by  the  reduction  in  Reynolds  number  [Howell  et  al.  2001].  Recent  full  scale 
rotating  rig  experimental  results  on  a  single-stage  turbine  show  that  the  vane-blade  interactions 
significantly  modify  the  cooling  flows  as  well;  even  the  cooling  channels  internal  to  the  blade  see 
some  effects  [Haldeman  and  Dunn  2006].  Properly  locating  wakes  by  circumferentially  adjusting  the 
relative  position  of  adjacent  guide  vanes  and  rotors,  termed  “airfoil  clocking”  or  “indexing”,  has  also 
proven  beneficial  in  the  design  of  turbomachinery  blading  [Huber  et  al.  1996;  Griffin  et  al.  1996]. 

It  has  been  suggested  that  the  tip  leakage  loss,  endwall  loss,  and  profile  loss  equally  account  for 
1/3  of  the  total  loss  through  the  turbine  section  [Denton  1993].  Loss  mechanisms  included  viscous 
friction  in  the  boundary  layer  and  free  shear  layer,  heat  transfer  across  a  finite  AT  such  as  core 
flow  to  coolant  flow,  and  non-equilibrium  processes  such  as  rapid  expansions  and  shock  waves  with 
high  entropy  generation  due  to  heat  conduction  and  high  viscous  stress  within  the  waves.  Denton 
suggests  that  transition  to  turbulence  in  turbomachines  will  occur  when  the  momentum  thickness 
Reynolds  number  is  within  300  <  Reg  <  1000.  This  range  is  reduced  to  200  <  Reg  <  500  for  the 
high  turbulence  flows  encountered  in  the  LPT  section. 

Low  Reynolds  Number  Effects 

The  measured  turbine  efficiencies  at  takeoff  can  be  up  to  2  points  higher  than  at  cruise  conditions 
[Simon  and  Ashpis  1996].  The  loss  experienced  at  higher  altitudes  (lower  Reynolds  numbers)  is 
primarily  due  to  laminar  flow  separations  on  the  turbine  blading.  Flow  separations  cause  most  of 
their  damage  in  the  aft  25%  of  vane  and  rotor  suction  surfaces  and  the  first  40%  of  rotor  pressure 
surfaces  [Dorney  and  Ashpis  1998].  The  turbulence  intensity  in  wakes  also  lose  their  effectiveness 
as  Re  drops  [Halstead  et  al.  1997b].  Roberts  defines  four  categories  of  flow  regimes  over  an  airfoil 
[Roberts  1980]: 

1.  high  enough  Reynolds  number  (based  on  axial  chord)  to  force  the  flow  into  transition  before 
separation  can  occur. 

2.  lower  Re  flow  where  a  small,  laminar  separation  bubble  can  occur.  This  short  bubble’s  influence 
remains  on  the  suction  surface  and  only  minimally  perturbates  the  inviscid  pressure  distribution. 

3.  lower  Re  where  the  short  bubble  “bursts”  into  a  longer  one.  The  longer  bubble’s  influence 
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substantially  alters  the  pressure  distribution  in  the  outer  (and  therefore  inner)  flow. 

4.  complete  separation  without  reattachment. 

Progression  down  the  list,  or  decreasing  the  chord  Reynolds  number,  increases  the  loss  experienced 
by  the  turbine  section.  The  Re-dependent  loss  is  illustrated  by  Sharma  in  Figure  G.4  [Sharma 
1998].  When  the  airfoil  chord  Reynolds  number  is  low  enough,  the  laminar  boundary  layer  reaches 


(a)  i?e-dependent  loss.  (b)  i?e-dependent  efficiency. 

Figure  G.4:  Low  Re  effects,  from  [Sharma  1998]. 

separation  before  transition  can  occur.  The  bubble  then  forms  a  laminar  free  shear  layer  that 
eventually  transitions  to  turbulence.  The  turbulent  free  shear  layer  can  then  diffuse  enough  higher 
energy  fluid  by  entrainment  to  reattach  as  a  turbulent  boundary  layer.  As  Re  drops,  the  laminar 
shear  layer  grows  in  length,  and  turbulent  entrainment  can  no  longer  bring  enough  high-energy  fluid 
to  cause  reattachment  at  an  inviscid  non-separating  pressure  level.  Roberts  continues  to  define  two 
necessary  conditions  for  a  laminar  bubble  formation: 

1.  an  adverse  pressure  gradient  of  sufficient  strength  to  cause  laminar  separation. 

2.  flow  conditions  for  a  laminar  state. 

The  second  item  requires  a  smooth  surface,  low  FSTI,  and  a  momentum  thickness  Reynolds  number 
below  that  where  transition  occurs.  A  schematic  showing  the  pressure  distribution  throughout  a 
typical  separation  bubble  is  shown  in  Figure  G.5.  The  flow  separation  causes  a  sudden  increase  in 
the  local  pressure  which  decreases  the  velocity  peak  and  total  circulation.  This  in  turn  creates  a 
pressure  plateau  throughout  the  laminar  portion  of  the  bubble.  Transition  in  the  shear  layer  atop 
the  bubble  forces  a  pressure  increase  until  turbulent  reattachment.  The  net  effect  of  the  bubble 
is  to  decrease  the  overall  lift  obtained  from  the  airfoil.  Gier  and  Ardey  suggest  the  viscous  losses 
inside  the  bubble  can  be  neglected,  and  the  real  loss  comes  from  pushing  the  shear  layer  into  the 
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Figure  G.5:  Schematic  of  a  typical  separation  bubble,  from  [Sharma  1998]. 

freestream  causing  additional  mixing  losses;  they  also  suggest  an  increased  loading  can  compound 
this  effect  [Gier  and  Ardey  2001].  Unsteady  separation  bubbles  can  also  themselves  induce  periodic 
pressure  waves  or  shocks  that  cause  extra  interactions  and  wear  and  tear  on  machine  parts,  and 
these  waves  can  travel  circumferentially  around  the  wheel  as  well  as  longitudinally  both  upstream 
and  downstream  in  the  axial  flow  path  [Clark  and  Grover  2006;  Davis  2006].  In  compression  systems, 
the  two  major  sources  of  instability  (surge  and  rotating  stall)  are  highly  influenced  by  and  coupled 
to  flow  separations,  and  can  lead  to  a  decreased  operational  pressure  rise  15%-35%  less  than  optimal 
in  order  to  maintain  a  safe  distance  away  from  the  surge  line  [Paduano  et  al.  2001].  In  fact,  some 
compressor  instabilities  are  only  amplified  when  individual  blades  are  stalled;  once  a  single  blade  is 
stalled  however,  compressor  dynamics  can  force  this  “stall-cell”  to  leap-frog  onto  adjacent  blades  all 
the  way  around  the  circumference  of  the  annulus. 

In  1996,  Malkiel  and  Mayle  studied  transition  in  a  separation  bubble  on  a  flat  plate  with  a  semi¬ 
circular  leading  edge  at  a  Re  =  29,000  at  FSTI=0.3%  [Malkiel  and  Mayle  1996].  They  found  that 
the  streamwise  progression  of  intermittency  in  the  shear  layer  is  very  similar  to  attached  boundary 
layer  transition,  except  that  transition  in  a  separated  shear  layer  occurs  much  quicker  than  in  the 
attached  case.  The  separated  shear  layer  begins  in  a  laminar  state  and  grows  slowly.  Without 
much  entrainment,  the  laminar  shear  layer  remains  stagnant  at  a  nearly  constant  pressure  and 
cannot  support  any  transverse  pressure  gradient  (dp/dy),  so  the  streamlines  of  the  upstream  flow 
lose  their  curvature.  As  a  result,  the  shear  layer  travels  along  a  straight  line  which  makes  an 
angle  to  the  surface  at  the  point  of  separation.  The  straightening  of  the  shear  layer  stretches  the 


463 

Approved  for  public  release;  distribution  unlimited. 


136 


boundary  layer  into  less  stable  velocity  profiles,  allowing  a  greater  receptivity  to  instabilities  which 
can  trigger  transition.  When  the  fundamental  Kelvin-Helmholtz  shear  layer  instability  reaches  a 
critical  strength,  the  instability  waves  acting  like  spanwise  vortices  interact  with  its  neighboring 
waves  and  create  subharmonics  due  to  the  rolling  over  and  pairing  of  the  Kelvin-Helmholtz  vortices. 
The  direction  of  the  shear  layer  changes  after  transition  occurs,  and  the  shear  layer  renews  its 
growth  which  causes  an  increased  mass  entrainment  leading  to  the  reversed  flow  of  a  separation 
bubble.  In  the  transitional  separated  bubble,  the  production  of  turbulence  is  normally  associated 
with  the  appearance  of  these  varying- harmonic  instabilities.  The  shear  layer  vortices  can  also  entrain 
turbulent  fluid  from  downstream  areas  and  force  it  back  upstream  to  interact  with  the  Kelvin- 
Helmholtz  instability  development. 

Lou  and  Hourmouziadis  recently  studied  a  flat  plate  with  a  contoured  upper  wall  which  simulated 
the  LPT  pressure  gradient  [Lou  and  Hourmouziadis  2000].  Their  separated  bubble  transitioned 
in  the  shear  layer  before  reattachment  and  was  dominated  by  the  shear  layer  instabilities.  As 
they  progressed  down  the  blade  surface  into  the  separated  shear  layer,  they  found  a  dominant 
frequency  of  480  Hz  with  an  amplified  super-harmonic  at  960  Hz.  They  found  that  a  free  shear  layer 
has  less  damping  ability  than  an  attached  boundary  layer,  and  that  the  maximum  vorticity  line 
connecting  the  inflection  points  of  the  velocity  profiles  trigger  the  shear  layer  instabilities,  providing 
energy  to  them  via  momentum  transfer  until  transition  occurs,  followed  rapidly  by  reattachment 
and  turbulence.  They  also  found  that  the  momentum  thickness  Re  at  separation  increased  with 
freestream  Reynolds  number.  By  forcing  at  7  Hz  they  found  that  an  unsteady  inflow  produces  a 
smaller  bubble  than  steady  conditions  at  the  same  Re,  but  the  shear  layer  instabilities  were  now 
amplified  at  350  and  700  Hz.  Their  oscillations  affected  every  aspect  of  the  separation  bubble  except 
the  onset  location.  Unsteady  flow  also  produced  non-harmonic  frequencies  in  the  spectrum  as  well, 
attributed  to  the  trailing  edge  vortex  shedding.  Their  work  suggests  a  strong  dependence  on  the 
momentum  thickness  when  describing  flow  which  encounters  separation  bubbles. 

Brear  et  al.  experimentally  studied  pressure  surface  separations  with  a  thin  LPT  for  1  •  105  < 
Re  <  3  •  105  [Brear  et  al.  2002;  Brear  et  al.  2002].  They  found  that  the  incident  flow  angle  was 
the  dominant  factor  in  determining  the  extent  of  pressure  side  separation  bubbles,  with  wakes, 
FSTI,  and  Re  only  having  a  secondary  influence  -  these  effects  are  fundamentally  due  to  the  loading 
characteristic.  The  separation  bubble  effectively  causes  a  blockage  with  high  viscous  shear  which 
increases  the  mixing  losses.  Their  2D  RANS  simulations  showed  that  wakes  had  little  effect  on  the 
pressure  side  separation  bubble  length  but  did  in  fact  produce  deterministic  behavior  in  the  bubble 
[Brear  and  Hodson  2004] .  They  also  found  that  increasing  the  thickness  of  the  blade  causes  the  main 
passage  vortex  to  impinge  the  suction  surface  farther  downstream,  as  well  as  reducing  the  strength 
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of  secondary  flows. 

In  2003  and  2005,  Schobeiri  et  al  experimentally  studied  LPT  suction  side  flow  separation  in 
a  5-blade  cascade  under  unsteady  conditions  [Schobeiri  et  al.  2003;  Schobeiri  et  al.  2005].  Using 
conditional  sampling  and  wavelet  analysis  techniques,  they  found  that  the  wake-generated  temporal 
periodicity  remained  deterministic  throughout  the  outer  inviscid  flow  but  was  essentially  destroyed 
once  inside  the  boundary  layer.  Their  emerging  picture  of  wake- disturbed  LPT  flow  is  that  only  a 
few  turbulent  spots  can  evolve  on  the  surface  due  to  the  constant  buffeting  of  the  boundary  layer 
with  wakes.  The  wakes  and  turbulent  spots  convect  at  different  speeds  and  their  interaction  induces 
non-regular  velocity  fluctuations  throughout  the  boundary  layer.  They  also  found  that  despite  the 
injection  of  turbulent  kinetic  energy  into  the  boundary  layer  by  the  wakes,  transition  does  not  occur 
instantaneously  due  to  the  strong  adverse  pressure  gradient  on  the  suction  surface.  Their  work 
suggests  that  LPT  blades  should  be  designed  with  a  minimum  local  adverse  pressure  gradient.  They 
also  propose  that  the  temporal  gradient  of  the  turbulence  fluctuation  ( dvrrns/dt )  is  responsible  for 
higher  momentum  transport  into  the  boundary  layer  which  can  control  the  separation. 

In  2005,  Dris  and  Johnson  presented  work  describing  transition  on  concave  surfaces  at  FSTI 
of  1%  and  4%  [Dris  and  Johnson  2005].  A  concave  curvature,  such  as  that  of  an  LPT  suction 
side,  excites  a  Taylor- Goertler  instability  leading  to  a  spanwise  migration  of  vortical  energy.  The 
upwash  and  downwash  of  these  vortices  cause  thickness  variations  along  the  span  by  enhancing  the 
momentum  transport  in  the  boundary  layer.  The  upwash  portion  reduces  the  skin  friction  and  is  less 
stable  in  the  boundary  layer,  leading  to  an  earlier  transition  than  in  the  downwash  region.  The  skin 
friction  increases  with  curvature  while  the  shape  factor  decreases  due  to  the  fuller  velocity  profiles. 
The  Taylor-Goertler  vortices  induced  by  the  curvature  also  effectively  increase  the  FSTI  level  and 
promote  an  earlier  transition.  These  observations  were  also  used  to  adapt  an  intermittency-based 
attached  flow  transition  model  for  separated  flow  conditions  [Redford  and  Johnson  2005]. 
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Boundary  Layers,  Skin  Friction, 
and  Separation  -  DRAFT 


In  1904,  Ludwig  Prandtl  showed  that  the  effects  of  viscosity  in  a  fluid  in  motion  around  a  body 
or  surface  can  not  be  neglected  near  the  surface.  The  outer  fluid  away  from  the  wall  experiences 
a  region  where  viscous  effects  are  negligible,  called  the  inviscid  or  potential  flow.  At  the  wall,  the 
fluid  velocity  slows  from  that  in  the  outer  potential  flow  to  zero  at  the  surface,  a  so-called  no-slip 
condition.  The  layer  where  this  deceleration  due  to  viscous  effects  and  larger  wall-normal  velocity 
gradient  du/dy  occurs  is  called  the  boundary  layer.  It  is  generally  accepted  that  the  boundary  layer 
has  a  finite  height,  5 ,  defined  as  the  wall-normal  distance  from  a  surface  where  the  velocity  equals 
99%  of  the  freestream  flow: 

u{8)  =  0.991/oc  (H.l) 


where  U0 c  is  the  freestream  velocity.  Any  value  of  viscosity  and  velocity  gradient  in  the  boundary 
layer  is  important  due  to  its  contribution  to  the  shear  stress,  r,  defined  by  Newton’s  law  of  friction: 

du 


r  =  y 


dy 


(H.2) 


where  y  is  the  dynamic  viscosity,  u  is  the  streamwise  velocity,  and  y  is  the  wall-normal  direction. 
The  shear  stress  defined  by  Equation  H.2  is  responsible  for  momentum  transport  perpendicular  to 
the  main  flow  direction.  At  the  wall  (y  =  0),  the  shear  stress  (rw)  is  related  to  the  skin  friction,  C/, 
on  the  surface  through  Equation  H.3: 


Cf  =  T 


(H.3) 


\pui 

where  p  is  the  fluid  density  and  UQ c  is  the  freestream  velocity.  The  skin  friction  is  a  non-dimensional 
measure  of  the  tangential  forces  acting  on  the  surface  due  to  the  viscous  fluid  passing  above,  and 
can  be  integrated  over  the  surface  to  provide  the  friction  drag.  The  heat  transfer  is  also  affected  by 
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the  wall  shear  stress  through  the  Reynolds  analogy  [White  2006]: 


Tv. 


\k(dT/dy)t 


dT 

du 


(H.4) 


n{du/dy)w 

where  qw  is  the  heat  transfer  at  the  wall  and  k  is  the  thermal  conductivity.  Reynolds  developed  the 
above  analogy  to  estimate  heat  transfer  in  shear  layers,  and  it  is  only  applicable  in  flows  where  u  and 
T  are  similar.  The  nondimensional  form  typically  relates  the  skin  friction  to  the  Stanton  number, 
Ch,  in  the  following  ratio: 

=  fen  (Pr,  geometry )  (H.5) 

with 


Ch  = 


Nux 

RexPr 

Nut  - 


Qw 


pcp{Tw  -Too)^ 
qwx 


R&x  — 

Pr  = 


k(Tw  -  T^) 

pU oqX 


P 

PCp 

k 


(H.6) 

(H.7) 

(H.8) 

(H.9) 


where  Tw  and  are  the  wall  and  freestream  temperatures,  respectively.  The  Nusselt  number,  Nux, 
is  a  dimensionless  heat  transfer  parameter.  The  dimensionless  Reynolds  number,  ReXl  relates  the 
momentum  to  viscous  forces.  The  Prandtl  number,  Pr,  is  the  dimensionless  ratio  relating  the  viscous 
to  thermal  diffusion  rates.  Other  important  boundary  layer  parameters  include  the  displacement 
thickness,  5*,  and  the  momentum  thickness,  #,  defined  as: 

r8 


5 *  = 


-f 


1  -  w~  * dy 

U  cx, 


9  = 


u  oo  \  ^oo  y 


(H.10) 


(H.ll) 


The  displacement  thickness  is  a  measure  of  how  far  the  outer  inviscid  flow  is  displaced  away  from 
the  wall  due  to  the  drop  in  velocity  in  the  viscous  boundary  layer,  while  the  momentum  thickness 
is  a  measure  of  how  much  momentum  is  lost  from  the  inviscid  flow  due  to  the  same  velocity  drop. 

Applying  the  boundary  layer  concept  and  a  proper  order  of  magnitude  analysis  simplifies  the 
governing  equations  for  continuum  fluid  flow,  the  Navier-Stokes  equations.  One  such  simplified 
equation  is  the  boundary  layer  r-momentum  equation  for  an  incompressible  fluid,  which  can  be 
found  from  any  standard  fluid  mechanics  text,  as  presented  in  Equation  H.12: 


du  du  1  dp  d2u 

U  dx  +  V  dy  p  dx+  dy2 


(H.12) 
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Separation  is  a  flow  condition  which  arises  due  to  the  combination  of  an  adverse  pressure  gradient 
and  viscous  friction  forces  slowing  down  the  fluid  in  the  boundary  layer.  In  a  gas  turbine  engine, 
separation  effects  are  most  prevalent  in  the  high  aspect  ratio  blading  (compressors  and  LP  turbines) 
where  endwall  generated  turbulence  does  not  reach  the  midspan,  allowing  a  laminar  flow  more  prone 
to  separation.  By  again  applying  boundary  layer  theory  and  a  proper  order  of  magnitude  analysis 
to  the  Navier-Stokes  equations,  the  ^/-momentum  equation  for  an  incompressible  fluid  reveals: 


(H.14) 


This  shows  that  the  surface-normal  pressure  gradient  does  not  change  throughout  the  boundary 
layer,  which  implies  that  the  boundary  layer  and  surface  will  experience  the  same  streamwise  pressure 
distribution  as  the  outer  inviscid  flow.  In  separated  flow,  fluid  in  the  boundary  layer  loses  enough 
kinetic  energy  due  to  viscous  friction  that  its  reduced  momentum  cannot  overcome  the  increasing 
pressure,  thereby  decreasing  the  velocity  enough  to  cause  a  reversal  in  the  flow  direction  at  the 
surface.  The  reversed  flow  near  the  wall  results  in  a  thickening  of  the  boundary  layer,  which  in  turn 
causes  an  increase  in  the  massflow  transported  away  from  the  surface  and  into  the  outer  flow.  Since 
the  velocity  profile  at  separation  must  have  a  point  of  inflection,  it  follows  that  separation  can  only 
occur  when  the  outer  flow  experiences  an  adverse  pressure  gradient.  In  low  -Re  LPT  environments, 
separated  flow  is  caused  by  the  adverse  pressure  gradient  encountered  on  the  suction  surface  due 
to  the  curvature  of  the  blade.  The  location  of  separation  onset  is  also  associated  with  a  zero  skin 
friction  at  the  wall,  i.e. 

r"=',(lt=o  (h-i5) 

For  low  -Re  conditions,  the  LPT  performance  is  completely  dictated  by  the  extent  of  flow  separation. 

The  point  of  inflection  in  the  velocity  profile  also  has  important  implications  for  the  stability 
of  such  flows.  Using  an  inviscid  perturbation  form  of  the  governing  equations  [Schlichting  2001], 
Lord  Rayleigh  (1880-1913)  was  able  to  show  that  the  presence  of  an  inflection  point  is  a  necessary 
condition  for  the  appearance  of  unstable  waves,  the  so-called  point  of  inflection  criterion.  In  1935 
W.  Tollmien  proved  that  the  presence  of  an  inflection  point  is  a  sufficient  condition  for  the  presence 
of  unstable,  amplified  waves.  Keeping  in  mind  our  earlier  discussion  about  pressure  gradients,  the 
above  conditions  imply  that  pressure  drops  are  stabilizing  while  pressure  increases  are  destabilizing. 
This  in  turn  implies  that  the  point  of  the  pressure  minimum  on  a  body  has  a  fundamental  influence 
on  the  laminar  to  turbulent  transition  in  a  boundary  layer  flow. 
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More  on  Instability  and  Transition 
-  INCOMPLETE,  needs  significant 


revision... 


The  problem  of  the  transition  from  laminar  to  turbulent  flow  in  the  boundary  layer  is 
unparalleled  in  having  attracted  the  interest  of  investigators  for  so  many  years.  Despite  the 
enormous  amount  of  research  effort  devoted  to  it,  our  understanding  of  the  problem  is  still 
far  from  complete. 

That  was  a  statement  made  by  Itiro  Tani  in  1969  when  he  published  an  article  detailing  then-current 
philosophy  regarding  the  transition  of  laminar  flow  into  turbulent  flow  [Tani  1969].  As  mentioned 
before,  the  location  and  extent  of  the  transition  region  is  affected  by  many  factors:  development  of 
freestream  turbulence  intensity  and  length  scale,  pressure  gradient,  surface  curvature,  wall  roughness, 
heating  and  cooling,  three-dimensionality,  and  unsteadiness,  to  name  the  biggest  players. 

Langtry  and  Menter  recently  classified  the  current  available  methods  used  in  CFD  applications 
for  predicting  the  transition  to  turbulence  into  3  different  categories:  low  -Re  turbulence  models,  eN 
methods,  and  the  use  of  experimental  correlations  [Langtry  and  Menter  2005].  Low  -Re  turbulence 
models  are  used  to  calibrate  wall  damping  functions  and  are  based  on  reproducing  the  viscous 
sublayer  behavior.  These  models  attempt  to  predict  the  onset  of  turbulence,  which  is  not  technically 
a  transition  model,  and  are  only  applicable  to  bypass  transition  situations.  It  is  also  generally 
accepted  now  that  turbulence  modeling  without  transition  modeling  is  unreliable.  The  second  class 
of  methods,  developed  in  the  1950s,  use  an  eN  parameter  and  rely  on  local  linear  stability  theory  and 
a  parallel  flow  assumption  to  calculate  the  growth  of  a  disturbance  amplitude  from  a  “neutral  point” 
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inside  the  boundary  layer  to  the  point  of  transition.  The  onset  of  transition  is  assumed  to  occur 
once  the  eN  parameter  exceeds  some  prescribed  value,  which  is  usually  determined  from  wind  tunnel 
tests  or  other  experiment,  making  the  eN  methods  at  least  semi-empirical.  Since  the  eN  methods  are 
based  on  linear  stability  theory,  they  fail  to  account  for  non-linear  growths  such  as  surface  roughness 
or  high  freestream  turbulence,  and  this  is  why  Navier-Stokes  codes  using  eN  prediction  techniques 
typically  require  a  coupling  to  another  boundary  layer  code.  The  eN  method  has  enjoyed  most  of  its 
success  in  external  aerodynamics  such  as  the  flow  around  airplane  wings.  As  no  model  has  achieved 
a  desired  level  of  accuracy,  the  gas  turbine  industry  prefers  the  third  class  of  transition  prediction 
methods:  the  use  of  experimental  correlations.  These  methods  usually  correlate  levels  of  turbulence, 
intermittency,  or  pressure  gradient  with  a  momentum  thickness  Reynolds  number,  and  may  require 
boundary  layer  search  algorithms  with  interpolation  methods  in  some  modern  CFD  codes  using 
unstructured  grids  or  parallel  computing. 


Stability  Theory 

As  mentioned  above,  transition  and  turbulence  modeling  is  very  difficult  to  accomplish  within  a 
certain  degree  of  accuracy.  The  difficulty  lies  in  the  myriad  of  factors  influencing  the  transition  from 
laminar  to  turbulent  conditions,  as  well  as  the  fact  that  many  of  those  factors  are  not  independent 
of  each  other.  Therefore,  no  singular  theory  has  been  able  to  accurately  describe  the  breakdown 
from  laminar  flow  into  turbulence.  Consequently,  most  modeling  methods  have  included  empirical 
correlations  in  order  to  remain  effective.  Classical  methods  of  analyzing  instability  in  fluid  dynamics 
have  focused  on  analyzing  the  equations  of  motion  with  linear  stability  theory. 

The  basic  idea  behind  linear  stability  theory  is  to  superimpose  small  linear  disturbances  onto 
a  local,  undisturbed  boundary  layer  state  and  determine  if  the  perturbations  grow  or  decay  [Reed 
et  al.  1996].  The  analysis  is  performed  by  linearizing  the  complete,  unsteady  Navier-Stokes  equations 
about  the  basic  state.  To  obtain  the  Orr-Sommerfeld  linearized  equations,  substitute  the  perturbed 
quantities  (xj  =  Xj  +  Xj’)  into  the  Navier-Stokes  set,  neglect  all  products  of  the  primed  disturbance 
quantities,  and  then  subtract  out  the  basic  flow  state  (Xj).  Using  the  separation  of  variables 
technique  can  further  simplify  the  set  into  ordinary  differential  equations.  Linear  stability  theory 
provides  information  about  the  fundamental  linear  modes  of  instability,  but  fails  to  account  for 
nonmodal  growth  and  interaction,  characteristics  which  are  a  rule  of  thumb  for  low-pressure  turbine 
flows.  Due  to  the  eigenvalue  nature  of  this  process,  results  give  the  frequencies  which  amplify  in  the 
boundary  layer  but  gives  no  account  for  the  initial  amplitudes  of  those  frequencies. 

In  spite  of  its  shortcomings,  linear  stability  theory  can  provide  useful  information.  Theory  pre- 
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diets  for  incompressible  streamwise  instabilities  there  is  only  one  mode  of  interest  as  the  least  sta¬ 
ble,  the  Tollmien-Schlichting  (T-S)  instability.  Compressibility  and  centrifugal  instabilities  (Taylor- 
Goertler)  also  add  modes.  For  2D  subsonic  flows,  the  inviscid  instability  proves  to  be  the  inflection 
point  or  Rayleigh  instability.  As  mentioned  before,  this  is  a  fundamental  instability  in  low-pressure 
turbine  flows.  Viscosity  is  mostly  stabilizing  until  it  lowers  the  Re  too  significantly.  Viscosity  also 
imposes  the  no-slip  condition  which  creates  the  Reynolds  stresses  that  can  also  agitate  subsonic 
instabilities.  Reed  et  al.  suggests  that  natural  transition  along  the  T-S  mode  occurs  over  a  short 
distance.  Concave  curvature  (suction  side  of  LPT)  has  a  destabilizing  effect  while  convex  curvature 
(pressure  side  of  LPT)  is  stabilizing.  In  3D  boundary  layers,  such  as  those  in  actual  turbomachinery, 
the  largest  shear  stress  at  the  inflection  points  presents  the  most  unstable  location  for  the  adverse 
pressure  gradient  to  excite  instabilities.  In  2000,  Schmid  analyzed  linear  stability  theory  in  wall- 
bounded  shear  flows  and  concluded  that  bypass  transition,  which  is  the  mode  of  transition  most 
often  experienced  in  low-pressure  turbine  flows,  results  from  nonmodal  growth  of  disturbances  not 
relying  on  the  least  stable  mode  (T-S)  of  the  flow  [Schmid  2000].  Schmid  explained  how  the  nonlin¬ 
ear  terms  in  the  Navier- Stokes  equations  do  not  directly  contribute  to  energy  growth  or  decay,  but 
rather  distribute  energy  between  different  spatial  scales.  This  scale  redistribution  has  an  influence  in 
the  growth  of  the  nonmodal  transition  process.  In  2003  and  2005,  Rist,  Augustin,  and  Wagner  chose 
the  vorticity- velocity  formulation  of  the  Navier- Stokes  equations  to  study  the  effects  of  instability 
waves  on  a  flat  plate  laminar  separation  bubble  using  direct  numerical  simulation  (DNS)  coupled 
with  linear  stability  analyses  [Augustin  et  al.  2003;  Rist  and  Augustin  2005].  They  found  that  the 
laminar  separation  bubble  decreases  the  local  skin  friction  while  it  creates  a  thick  wake,  increas¬ 
ing  the  drag.  They  also  found  that  2-3  times  less  amplitude  was  needed  with  unsteady  sinusoidal 
disturbances  than  steady  at  eliminating  the  separation  bubble.  The  unsteady  forcing  also  directly 
provided  the  initial  amplitudes  for  the  Orr-Sommerfeld  prediction  for  laminar  to  turbulent  transi¬ 
tion.  Their  analysis  also  suggested  an  optimal  disturbance  injection  location  for  separation  control 
(using  sinusoidal  disturbances)  well  upstream  of  the  onset  position.  Their  3D  analysis  showed  an 
optimal  disturbance  location  10  times  more  upstream  than  the  2D  prediction. 

Govindarajan  and  Narasimha  applied  coordinate  transformation  to  the  standard  Orr-Sommerfeld 
stability  equations  in  order  to  correct  for  non-parallel  flows  under  pressure  gradients  [Govindarajan 
and  Narasimha  1995].  They  found  that  non-parallelism,  as  occurring  in  LPT  flows,  causes  a  growth 
in  higher  frequency  fluctuations,  especially  in  low  Re  situations;  this  effect  is  mitigated  in  favorable 
pressure  gradients  but  agitated  under  adverse  pressure  gradients.  Overall  results  show  that  stability 
in  non-parallel  flows  is  a  strong  function  of  the  streamwise  variation  in  surface-normal  distance 
between  walls. 
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Modes  of  Transition 

There  are  five  basic  modes  of  transition  in  gas  turbine  engines:  natural,  bypass,  separated-flow, 
periodic- unsteady,  and  reverse  [Mayle  1991].  Natural  transition  is  the  mode  most  thought  of  when 
“transition”  is  mentioned,  and  occurs  as  a  weak  instability  grows  in  a  laminar  boundary  layer  until 
amplification  into  turbulence.  Tollmien  and  Schlichting  were  the  first  to  describe  this  process,  and 
as  such  the  instability  waves  causing  natural  transition  are  usually  called  Tollmien- Schlichting,  or 
T-S  waves  [Schlichting  2001].  The  T-S  waves  begin  as  2D  velocity  variations,  and  soon  become 
three-dimensional,  interacting  with  and  producing  3D  variations  in  the  mean  flow.  The  2D  velocity 
variations  can  be  caused  by  an  adverse  pressure  gradient,  as  occurring  with  the  flow  around  low- 
pressure  turbine  blades.  The  3D  variations  grow  until  they  mature  into  local  regions  of  very  high 
shear,  creating  small  localized  regions  of  turbulence  in  a  quasi-laminar  flow.  These  localized  regions 
of  turbulence  develop  into  hairpin-shaped  vortices,  which  continue  to  grow  in  their  influence  until 
transition  of  the  mean  flow  begins.  Although  the  LPT  environment  is  highly  disturbed,  evidence 
of  T-S  frequencies  in  transitioning  shear  layers  over  separation  bubbles  have  been  found,  although 
its  multiple  frequency  peak  nature  suggests  a  Kelvin-Helmholtz  instability  [Volino  2002b].  Nonethe¬ 
less,  Walker  estimates  the  period  of  the  most  unstable  T-S  frequency  for  flows  in  adverse  pressure 
gradients  to  follow  Equation  1.1: 

period  =  2.0  {u/ul)Re3J2  (1.1) 

The  above  equation  was  formulated  while  examining  the  velocity  profiles  of  Falkner-Skan  flows  and 
assumes  that  the  T-S  waves  force  the  transition  process  once  per  cycle  [Walker  1989].  Others  have 
more  recently  used  derivatives  of  Equation  1.1  to  identify  T-S  spectral  content  in  transitioning  regions 
upstream  of  separation  bubbles  and  in  the  shear  layer  above  [Zhang  et  al.  2002]. 

The  term  bypass  was  originally  coined  by  Morkovin  circa  1969,  where  it  represented  several 
things  including  the  production  of  turbulent  spots.  Mayle’s  review  considers  bypass  transition  as 
that  which  is  characterized  by  large  disturbances  in  the  freestream  and  therefore  bypasses  the  T-S 
instability  growth  of  the  natural  transition  process  [Mayle  1991].  Here,  linear  stability  theory  is 
irrelevant.  Since  the  first  few  stages  of  natural  transition  have  been  bypassed,  theories  for  bypass 
transition  have  classically  included  turbulent  spots  and  their  production,  growth,  and  convection. 
Separated-flow  transition  occurs  when  a  laminar  boundary  layer  separates  and  transitions  in  the 
free  shear  layer  above  the  bubble.  Turbulence  can  force  a  reattachment  which  forms  the  bubble. 
This  type  of  transition  can  occur  near  the  leading  edges  of  blades  and  near  the  point  of  minimum 
pressure  on  the  suction  surface  sides.  The  bubble  length  is  process  dependent,  and  all  stages  of 
the  natural  transition  can  occur  in  the  shear  layer;  T-S  instabilities  have  been  observed  to  occur  in 
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a  long  enough  separation  bubble.  Long  bubbles  produce  large  losses  and  change  the  gas  exit  flow 
angles,  which  should  be  avoided.  Short  bubbles  have  less  effect,  and  have  actually  been  thought  of  as 
a  control  mechanism  since  they  can  induce  transition.  Of  all  of  the  modes,  separated-flow  transition 
is  the  most  crucial  for  compressor  and  LPT  design. 

Periodic-unsteady  transition  occurs  due  to  the  nature  of  turbomachinery  flows:  they  are  inher¬ 
ently  periodic  and  unsteady,  so  the  transition  processes  taking  place  are  also  unsteady  and  periodic. 
Wake-induced  transition  is  one  example;  shocks  can  also  cause  periodicity.  These  unsteady  modes 
of  transition  also  bypass  the  first  few  stages  of  natural  transition  and  are  so  disruptive  that  they  co¬ 
alesce  into  turbulent  spots  and  strips  which  grow  and  propagate  downstream.  Between  these  spots 
and  strips,  other  modes  of  transition  can  occur  simultaneously.  Reverse  transition,  often  called 
“relaminarization” ,  occurs  where  a  previously  turbulent  or  transitional  region  is  affected  so  that  it 
becomes  laminar,  similar  to  the  events  occurring  after  a  wake  or  turbulent  spot  has  recently  con- 
vected  from  an  area.  An  instantaneous  snapshot  of  the  flow  over  a  single  airfoil  may  include  laminar 
flow  near  the  leading  edge,  followed  by  a  wake-  or  shock-induced  transition  which  is  in  turn  replaced 
by  a  relaminarization  with  subsequent  transition  to  turbulence  occurring  over  multiple  modes  all  at 
once.  Mayle  points  out  one  of  the  unresolved  issues  is  whether  or  not  the  linear  instabilities  show  up 
in  regions  of  wake  and  shock  interaction  or  strong  adverse  pressure  gradient  such  as  that  occurring 
over  the  suction  surface  of  the  LPT.  Halstead  et  al.  have  considered  the  affects  of  wakes  so  impor¬ 
tant  to  transition  in  turbomachinery  as  to  define  only  two  modes:  wake-induced,  and  everything 
else  (non- wake-induced)  [Halstead  et  al.  1997a]. 


Transition  Modeling 

One  of  the  first  early  transition  models  was  due  to  Liepmann  in  1945,  which  correlated  a  ratio  of 
the  fluctuating  component  of  velocity  to  the  local  friction  velocity  via  v!  ju*  =  7.5  at  transition. 
Later  work  would  modify  the  value  from  7.5  to  3.0  or  include  the  range  from  3.0  to  7.4,  but  these 
types  of  correlations  may  be  more  indicative  of  turbulent  spot  activity  rather  than  transition  onset 
location,  and  may  require  the  use  of  conditional  sampling  techniques  [Praisner  and  Clark  2004] .  The 
behavior  of  u'  and  v'  in  the  transitioning  boundary  layer  should  be  viewed  as  the  distribution  of 
turbulent  kinetic  energy  in  the  shear  flow  [Tennekes  and  Lumley  1972].  The  u'  component  will  be 
larger  than  v'  since  it  receives  the  kinetic  energy  production  from  the  mean  flow.  The  transfer  of 
energy  is  accomplished  by  the  nonlinear  pressure  fluctuation,  p'du^/dxi.  As  transition  completes, 
the  turbulent  eddies  are  becoming  smaller  until  viscous  dissipation  equals  the  amount  of  turbulent 
energy  production  in  the  freestream. 
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Another  leap  for  transition  modeling  was  due  to  Emmons  in  1951  when  he  proposed  his  turbulent 
spot  theory  [Emmons  1951].  Using  water  channel  flow  visualization,  he  showed  that  transition  occurs 
through  a  random  production  of  turbulent  spots  within  the  laminar  boundary  layer.  As  the  spot 
travels  over  the  surface,  flow  conditions  alternate  between  turbulent  and  laminar.  Initial  findings 
of  turbulent  spots  were  triangular  in  shape  and  grew  as  they  convected  downstream,  spreading  at 
nearly  11  degrees  at  an  average  velocity  of  0.7Uoo  until  the  flow  was  fully  turbulent.  Later  work 
would  find  a  dependence  of  the  spreading  angle  and  convection  speed  on  the  pressure  gradient,  and 
modified  the  average  velocity  to  0.667Uoo  for  zero  pressure  gradient  flows  [Clark  et  al.  1994b].  Using 
fast-response  heat  flux  gauges,  Clark  et  al.  have  verified  that  the  lateral  spreading  of  spots  is  due  to 
the  “local  destabilization  of  the  laminar  boundary  layer  at  their  edges”  [Clark  et  al.  1992].  Emmons 
believed  that  transition  is  a  stochastic,  3D,  unsteady  process  that  occurs  where  both  laminar  and 
turbulent  conditions  coexist.  Previously  transition  was  considered  a  2D  phenomenon.  Emmons  first 
treated  transition  by  grouping  laminar  and  turbulent  solutions  together  at  a  transition  location  which 
was  found  by  matching  the  two  momentum  thicknesses,  or  where  O^Xtr )  =  Orixtr)-  This  method 
worked  for  total  loss  and  heat  transfer  when  transition  was  short,  but  was  too  inaccurate  with  shear 
stress  and  heat  transfer  at  xtr  •  Numerical  methods  using  Emmons’  philosophy  normally  extrapolated 
back  turbulent  information  into  the  transition  zone.  Emmons  then  presented  a  statistical  theory  of 
transition  which  depended  on  an  expression  for  the  fraction  of  time  the  flow  is  turbulent,  given  the 
label  “intermittency”  (7^): 

lint  =  1  -  exp[-  JJJ  gdx0dz0dt0]  (1.2) 

where  g  =  g(x,z,t)  is  a  turbulent  spot  production  parameter.  When  the  intermittency  equals  1,  the 
flow  is  fully  turbulent.  Flow  quantities  (Q)  are  then  determined  as  a  combination  of  laminar  and 
turbulent  values: 

Q  =  ( 1  —  i)Ql  +  iQr  (1-3) 

Schubauer  and  Klebanoff  would  soon  correct  Emmons’  uniform  distribution  of  spot  production 
theory  and  instead  propose  a  localized,  concentrated  inception  of  spots,  possibly  the  precursor  to 
Narasimha’s  concentrated  breakdown  hypothesis  [Schubauer  and  Klebanoff  1956].  They  also  added 
that  turbulence  always  moves  downstream  followed  by  laminar  flow  which  remains  in  a  state  of 
calm  for  a  period  of  time  before  transition  begins  again.  This  phenomena  would  soon  be  called 
“relaminarization”  or  “reverse  transition”.  Schubauer  and  Klebanoff  also  found  the  leading  and 
trailing  edges  of  the  spots  in  a  zero-pressure  gradient  flow  travel  at  0. 8814,0  and  0.5L4o,  respectively. 
The  calmed  region  following  a  turbulent  spot  is  identified  with  an  elevated  but  decreasing  shear 
stress  which  suppresses  instabilities  and  remains  resistant  to  flow  separation  due  to  its  fuller  laminar- 
like  velocity  profile  [Halstead  et  al.  1997a].  This  calmed  region  can  be  terminated  by  subsequent 


475 

Approved  for  public  release;  distribution  unlimited. 


148 


passing  of  turbulent  spots  or  other  transitional  phenomena  (including  natural  breakdown),  can 
significantly  extend  the  length  of  transition,  and  is  the  link  between  the  transitional  events  occurring 
in  turbomachinery  boundary  layers.  The  effectiveness  of  calmed  regions  in  suppressing  separation 
between  wakes  is  a  function  of  the  freestream  turbulence  level  [Halstead  et  al.  1997b]. 

Equation  1.3  has  been  shown  to  be  a  good  approximation  for  6,  6*,  and  i7,  while  exact  for  6 
[Dhawan  and  Narasimha  1958].  This  could  be  why  many  transition  theories  use  0  for  their  correlation 
parameter.  In  1957  and  1985,  Narasimha  and  coworkers  showed  that  the  streamwise  mean  velocity 
through  transition  to  turbulence  on  a  flat  plate  collapse  onto  a  single  curve  governed  by  a  one- 
parameter  family  based  on  intermittency  [Dhawan  and  Narasimha  1958;  Narasimha  1985].  This  was 
defined  as: 

lint  =  1  -  e~A^2  (1.4) 


where 


£  = 


X  —  Xtr 


(1.5) 


x7int=0.75  -  ^7int=0.25 

and  A  =  0.412.  Thus,  no  matter  the  cause,  all  transitioning  regions  on  a  flat  plate  with  zero  pressure 
gradient  fit  a  single  universal  intermittency  distribution,  Equation  1.4.  They  presented  a  method 
to  measure  intermittency  from  hot-wire  anemometry  signals,  and  when  7 int  was  measured,  the  best 
way  to  determine  xtr  was  to  plot  the  data  in  the  form: 


F(lint )  =  [~ln(l  -  7 i„t)] 1/2 


(1.6) 


Their  “concentrated  breakdown”  hypothesis  defined  transition  as  the  streamwise  location  where  all 
turbulent  spots  are  formed  randomly  in  time  and  cross-stream  (spanwise)  position.  Together  with 
the  concentrated  breakdown  assumption,  they  developed  another  expression  for  Emmons’  turbulent 
spot  production  parameter  g: 

g(x)  =  n5(x  -  xtu)  (1.7) 


where  n  is  the  turbulent  spot  production  rate  per  unit  time  and  unit  distance,  8(x)  is  the  Dirac  delta 
function,  and  xtu  is  the  location  where  turbulent  spots  are  formed.  The  corresponding  “universal” 
intermittency  distribution  is: 


lint{x)  =  1- exp 


ncr 


-j^(x-xtr)2  ,(x>Xtu) 

U  oo 


(1.8) 


where  a  is  Emmons’  dimensionless  spot  propagation  parameter,  originally  estimated  at  0.1.  Equation 
1.8  could  also  be  represented  in  nondimensional  form  according  to: 

naOh 


N  = 


Jtr 


(1.9) 
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where  Otr  is  the  momentum  thickness  at  transition  and  v  is  the  kinematic  viscosity.  Gostelow  et  al 
later  correlated  the  nondimensional  breakdown  parameter  N  by  plotting  the  F(^int)  function  and 
using  the  Pohlhausen  pressure  gradient  parameter  (A q)  to  account  for  different  levels  of  turbulence 
(Tu)  and  pressure  gradient  [Gostelow  et  al.  1994]: 


N  = 


(1.10) 


0.86  •  10~3exp[2.134:\gln(Tu)  -  59.23Ae  -  0.564/n(T?/)  Xe  <  0 
[  0.86  •  10-3e:rp[— 0.564Jn(7\t)]  A@  >  0 

Using  the  nondimensional  breakdown  parameter  recasts  the  universal  intermittency  distribution: 


lint  =  1-  exp 


X  —  Xtr 

0+r 


N 

Reo 


(in) 


Narasimha  showed  that  the  breakdown  rate  scales  with  boundary  layer  thickness  and  viscous  dif¬ 
fusion  time  St/v.  Their  work  also  led  to  transition  location  and  length  predictions  based  on  the 
intermittency  concept,  as  well  as  corrections  for  pressure  gradients  and  compressibility.  Simple 
uses  of  intermittency  modeling  typically  modify  the  eddy  viscosity  pt  according  to  the  intermit¬ 
tency.  Sharma  soon  developed  a  similar  thermal  intermittency  factor  ( iint,h )  using  the  Pohlhausen 
pressure  gradient  parameter,  although  this  approach  implies  two  different  types  of  spots,  one  for  a 
“momentum  turbulence”  and  one  for  a  “thermal  turbulence” : 


7 int,h  =  1  -  exp[-(na)h(Rex  -  Rex,tr)2]  (1.12) 

with  ( na)h  =na[  1  +  (21  or  7.25) A^] —  2-68  [Sharma  1987].  Common  approaches  with  the  intermittency 
concept  use  experimental  correlations  for  transition  onset  and  length. 

Most  methods  of  modeling  transition  have  used  some  sort  of  empirical  correlation,  sometimes 
together  with  the  intermittency  concept,  to  determine  transition  onset  and  length.  In  1969  the  most 
accurate  way  to  predict  transition  was  to  assume  a  range  of  values  for  the  local  momentum  thickness 
Reynolds  number  at  transition  onset,  Reo,tr ,  and  compare  this  with  the  local  value  until  a  match 
occurred,  signalling  transition  [Tani  1969].  The  range  was  typically  constructed  from  experimental 
correlations.  The  main  factors  back  then  were  believed  to  be  FSTI  and  pressure  gradient. 

In  1980,  Abu-Ghannam  and  Shaw  studied  a  flat  plate  with  FSTI  from  0.3  to  5%  under  typi¬ 
cal  turbomachinery  pressure  gradients  without  separation  [Abu-Ghannam  and  Shaw  1980].  They 
produced  a  set  of  empirical  relationships  for  the  start  and  end  of  transition  over  various  conditions 
using  the  Pohlhausen  pressure  gradient  parameter,  A q.  Their  method  essentially  compares  laminar 
skin  friction  to  local  values  to  determine  the  location  of  transition  onset,  which  was  a  change  from 
intermittency-based  models.  For  zero  pressure  gradients,  the  start  and  end  of  transition  is  given  by: 

Rees  =  163  +  exp(6.91  —  FSTI) 

ReQE  =  2.667 Rees 
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For  non-zero  pressure  gradients,  or  A#  %  0,  transition  is  signalled  when  the  momentum  thickness  Re 
is  equal  to: 


Ree  =  163  +  exp  F( Xe)  -  FSTI 

u.91 

(1.14) 

f  6.91  +  12.75A0  +  63.64(A#)2,  Xe  <  0 

F{\$)  =  < 

[  6.91  +  2.48A0  -  12.27(A0)2,  Xe  >  0 

(1.15) 

,  02  dUoc 

Xe  ~  V  dS 

(1.16) 

Their  natural  transition  model  was  considered  applicable  in  flows  up  to  a  freestream  turbulence  level 
of  10%.  Presenting  detailed  quantitative  development  of  the  boundary  layer,  they  suggested  that  the 
past  history  of  the  pressure  gradient  affects  transition  more  than  the  local  value  at  transition  onset. 
The  start  and  end  of  transition  is  mainly  a  function  of  the  turbulence  level  and  the  pressure  gradient, 
and  the  boundary  layer  parameters  (0,  H,  Cf,  jint)  are  related  by  correlations  to  the  distance  from 
the  start  of  transition. 

In  1991,  Mayle  compiled  an  extensive  review  of  transition  in  turbomachinery  and  showed  how 
transition  information  obtained  at  low  freestream  turbulence  levels  is  useless  for  the  gas  turbine  de¬ 
signer  since  FSTI  levels  in  real  turbomachines  is  quite  high  [Mayle  1991].  Primary  factors  influencing 
transition  in  turbomachines  include  FSTI,  pressure  gradient,  and  the  periodic,  unsteady  passing  of 
wakes.  Mayle  says  the  onset  of  transition  is  a  function  of  the  level  and  scale  of  freestream  turbulence, 
wakes  and  shock  waves,  and  the  amount  of  acceleration  occurring  in  the  flow,  while  transition  length 
mainly  depends  on  FSTI  and  the  pressure  gradient.  Secondary  factors  influencing  transition  include 
surface  roughness,  surface  curvature,  compressibility,  and  heat  transfer.  Transition  on  gas  turbine 
airfoils  can  be  a  combination  of  types,  which  implies  that  different  locations  of  the  same  blade  can 
experience  different  modes  of  transition  all  at  the  same  time.  Also,  transition  and  separation  can 
occur  within  the  same  area  of  a  surface,  showing  up  as  alternating  turbulent  spots  and  laminar 
separation  bubbles  both  interrupted  by  wakes,  which  lends  at  least  some  conceptual  support  to  the 
modeling  of  transition  by  intermittency.  In  general,  Reotr  increases  with  an  increase  in  acceleration 
or  a  decrease  in  FSTI.  In  gas  turbines,  the  magnitude  of  FSTI  forces  acceleration  to  have  a  secondary 
effect.  To  model  transition  and  separation  correctly  for  design  purposes,  Mayle  suggests  a  high  in¬ 
let  turbulence  level  with  appropriate  length  scales.  Turbulent  heat  transfer  levels  are  generally  3 
to  5  times  higher  than  in  laminar  conditions.  Mayle  suggests  that  if  transition  occurs  before  the 
pressure  minimum  it  will  be  stretched  by  the  acceleration  while  after  the  pressure  minimum  results 
in  a  shorter  transition  due  to  the  adverse  pressure  gradient.  Borrowing  the  intermittency  concepts 
from  Emmons  and  Narasimha  (particularly  F(^int)),  Mayle  then  constructed  several  correlations 
for  transition  onset,  turbulent  spot  generation  rates,  and  transition  length,  although  the  transition 
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onset  correlation  has  been  shown  to  overpredict  Reg  at  transition  onset  [Simon  and  Ashpis  1996]. 
Mayle’s  1991  correlations  have  also  been  updated  by  others  [Gostelow  et  al.  1994]. 

By  1993,  Walker  identified  4  main  uses  of  intermittency  to  identify  the  location  of  transition: 
derivatives  of  Mayle’s  1991  correlation  of  na  with  the  turbulence  level  and  a  pressure  gradient 
parameter,  K  =  A e/Re#  for  both  short  and  long  bubbles;  correlations  of  N  =  naRe^t  with  the 
turbulence  level  and  the  Pohlhausen  pressure  gradient  parameter  Xg;  correlations  based  on  linear 
stability  theory  and  a  minimum  transition  length;  and  correlations  of  N  =  naRe jj  t  in  terms  of 
turbulence  only,  which  is  a  subset  of  the  second  use  [Walker  1993].  Alternate  approaches  solving  a 
separate  transport  equation  for  the  intermittency  have  been  developed  by  several  groups.  In  1992, 
Cho  and  Chung  presented  a  hybrid  k  —  e  —  7 int  turbulent  transport  model  for  free  shear  flows  used 
to  provide  accurate  cross-stream  intermittency  distributions  [Cho  and  Chung  1992].  Steelant  and 
Dick  later  proposed  their  own  intermittency  transport  model  for  near-wall  flows  and  was  developed 
to  match  the  streamwise  distributions  using  the  correlations  of  Abu-Ghannam  and  Shaw  [Steelant 
and  Dick  1996].  They  used  a  conditioned  form  of  the  Navier-Stokes  equations  whereby  the  inter¬ 
mittency  of  transition  was  handled  by  conditioned  averages  which  are  taken  during  the  fraction  of 
time  the  flow  is  turbulent  or  laminar.  This  type  of  technique,  labeled  “conditional  sampling”,  is 
not  uncommon  in  transition  studies  [Qiu  and  Simon  1997],  and  filters  a  data  set  to  only  examine 
the  portion  which  contains  transitional  or  turbulent  events  as  judged  by  a  predefined  condition  of 
transition  or  turbulence  [Antonia  1981].  Volino  used  conditional  sampling  and  wavelet  analysis  for 
a  transitional  boundary  layer  and  found  that  nonturbulent  and  turbulent  regions  of  the  flow  both 
exhibit  self-similarity  in  their  respective  velocity  profiles,  lending  support  to  the  modeling  of  tran¬ 
sition  with  intermittency  [Volino  2003;  2005].  Steelant  and  Dick’s  intermittency  transport  equation 
is  applicable  for  zero,  favorable  and  adverse  pressure  gradients,  and  was  later  modified  for  high 
freestream  turbulence  environments  [Steelant  and  Dick  2001]. 

In  LPT  flows,  the  onset  and  end  of  transition  are  typically  in  different  regions  where  the  pressure 
gradient  may  change  sign.  Solomon  et  al.  suggests  that  rapid  pressure  gradient  changes,  such  as 
those  encountered  in  the  LPT  section,  cause  deviations  from  Narasimha’s  universal  intermittency 
distribution  [Solomon  et  al.  1996].  Solomon  et  al.  therefore  developed  a  method  to  calculate  inter¬ 
mittency  in  regions  of  changing  pressure  gradients  by  forcing  the  turbulent  spot  spreading  half-angle 
a  and  spot  propagation  parameter  a  to  be  functions  of  the  Pohlhausen  pressure  gradient  parameter: 


and 


<j  —  0.03  T 


_ 037 _ 

0.48  +  3.0exp(h2.9Xg) 


(1.17) 


22.14 

ex  =  4  4 - 

0.79  +  2.72ea:p(47.63A@) 


(1.18) 
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This  is  an  obvious  step  since  it  has  been  shown  experimentally  that  these  parameters  do  in  fact 
depend  on  pressure  gradient  [Clark  et  al.  1994b].  Using  Gostelow’s  relation  (1.10),  the  spot  generation 
rate,  n,  is  assumed  to  depend  only  on  the  conditions  at  transition  onset.  The  resulting  intermittency 
expression  developed  by  Solomon  et  al.  is  presented  below: 

fx  a  dx 


lint  =  1-  exp 


—n 


tana  U 


tanadx 


(1.19) 


A  next  step  in  intermittency  transport  equation  modeling  came  with  Suzen  and  Huang,  who 
combined  Cho  and  Chung’s  model  with  Steelant  and  Dick’s  [Suzen  and  Huang  1999].  Taking  the  best 
from  each  model,  they  blended  Abu-Ghannam  and  Shaw’s  development  of  streamwise  intermittency 
from  Cho  and  Chung  (Abu-Ghannam  and  Shaw)  with  the  cross-stream  modeling  afforded  by  Steelant 
and  Dick’s  model.  This  method  seems  to  work  across  a  wide  variety  of  transitional  operating 
conditions  [Suzen  et  al.  2003].  To  gain  an  appreciation  of  how  an  additional  intermittency  transport 
equation  functions  with  the  standard  set  of  Navier-Stokes  equations,  the  model  of  [Suzen  et  al.  2003] 
is  presented  below: 


dt 


dpuj r Yint 

dx* 


(1  -  lint )  [(1  -  F)2CoPy/u^Ukf(s)f'(s) 


Uj  duj  fry  int 


)  ]  +  Csp 


U  07 int  frp 


int  Ffjinl  i  O 

'  dx* 


(1.20) 


dx j  dx j 


^ UkUk  dxj  dxj 
X  ^[(1  lint)lintfr'yldj  T  (1  1 int) ® It Pt\  qx^  ^ 


with  the  distributed  breakdown  function 


f(s)  = 


as 


bs /3 


•  cs 


■  ds' 


gs /3  +  h 


(1.21) 


where  s'  =  s  —  str,  s  is  the  distance  along  the  streamwise  coordinate,  and  str  is  the  transition 


location.  The  coefficients  are: 

a  =  50-/^f  b  =  —0.4906  c  =  0.204  (^f) 
d  =  0.0  e  =  0.04444  (^)-1'5 
h  =  lOe  g  =  50 


-0.5 


The  shear  stress  is 


T~ij  —  Pt 


duj  du 


dxj 


_ 7 

dxj 


2  duk 
3dxkdij 


^  pk^ij 


The  blending  function  F  uses  the  turbulent  kinetic  energy,  k ,  and  the  vorticity,  W: 

F  =  UnA _ hEr _ ' 

f  [200(1 

The  remaining  model  constants  for  Suzen  and  Huang’s  intermittency  transport  model  are: 

cr7Z  =  cr7t  =  1.0  Co  =  1-0  Ci  =  1.6 
C2  =  0.16  C3  =  0.15 


(1.22) 


(1.23) 


(1.24) 


(1.25) 
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The  intermittency  is  incorporated  by  multiplying  the  eddy  viscosity  (fit)  obtained  through  a  turbu¬ 
lence  model  by  the  intermittency: 

H>t  =  lintH’t  (1.26) 

Suzen  and  Huang  chose  Menter’s  SST  (shear  stress  transport)  turbulence  model,  which  is  touted  as 
combining  the  k  —  e  model  developed  for  freestream  independence  together  with  Wilcox’s  k  —  uj  model 
developed  with  wall  accuracy  in  mind  [Menter  1993].  This  method  of  assigning  the  effective  eddy 
viscosity  (/i% )  is  accurate  as  long  as  the  Reynolds  stresses  in  the  nonturbulent  part  can  be  neglected 
[Simon  and  Stephens  1991].  For  attached  flow,  transition  onset  is  determined  by  a  modified  version 
of  Abu-Ghannam  and  Shaw’s  momentum  thickness  Reynolds  correlation,  as  presented  in  [Huang 
and  Xiong  1998]: 

Re6tr  =  (120  +  150Tu“2/3)cot/i[4(0.3  -  Kt  •  105)]  (1.27) 

where  Kt  is  the  minimum  value  of  the  acceleration  parameter  in  the  downstream  deceleration  region. 
A  more  involved  model,  which  adds  an  additional  equation  for  the  transition  momentum  thickness 
Reynolds  number,  has  also  been  recently  developed  [Menter  et  al.  2006].  The  newer  model  combines 
intermittency  development  with  empirical  correlations  for  transition  onset  and  length,  which  allows 
other  users  to  incorporate  their  own  proprietary  models  for  use  in  3D  design  codes. 

In  the  mid  to  late  1990s,  Mayle  and  co-workers  again  studied  the  effects  of  various  levels  and  scales 
of  turbulence  on  laminar  and  pre-transitional  boundary  layers  [Dullenkopf  and  Mayle  1995;  Mayle 
and  Schultz  1996;  Mayle  et  al.  1998].  First,  they  showed  that  an  increased  freestream  turbulence 
level  on  the  suction  side  resulted  in  an  earlier  transition,  while  on  the  pressure  side  it  results  in  a 
greatly  increased  laminar  heat  transfer.  They  constructed  several  correlations  for  turbulence  effects 
and  categorized  them  by  scale  into  two  categories:  large  eddies  and  small  eddies.  Others  have  also 
found  length  scale  important  [Moss  and  Oldfield  1992;  Rivir  1996].  Volino  found  that  an  increased 
length  scale  adds  separation  resistance  [Volino  2002a],  while  others  have  found  that  length  scale 
has  no  effect  on  transition  location  [Butler  et  al.  2001].  From  linear  stability  calculations,  Mayle 
et  al.  found  a  representative  band  of  frequencies  which  optimally  disrupt  the  laminar  boundary 
layer  to  fluctuate  around  the  value  given  by  f\  =  constant  •  Uqo/5,  where  the  length  scale  of  the 
correlating  eddies  is  nearly  165.  The  constant  took  values  of  0.02  -  0.03.  Next,  they  showed  that  any 
fluctuation  in  the  freestream  produces  a  proportional  one  in  the  boundary  layer  that  initially  grows 
linearly  with  distance.  This  means  that  turbulence  in  the  boundary  layer  is  not  only  produced  by 
freestream  diffusion,  but  also  by  pressure  fluctuations.  Volino  and  Simon  call  this  effect  “buffeting” , 
whereby  freestream  pressure  fluctuations  push  the  boundary  layer  fluid  in  the  wall- normal  direction, 
resulting  in  u'  and  v'  perturbations  that  cause  varying  levels  of  frequencies  in  the  boundary  layer 
[Volino  and  Simon  2000].  Volino  and  Simon  also  found  that  the  boundary  layer  fluctuations  are 
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associated  with  larger  scale  eddies  in  higher  FSTI  cases,  while  they  are  attributed  to  streamwise 
unsteadiness  in  lower  FSTI  environments;  others  have  agreed  [Graveline  and  Sjolander  2005].  Mayle 
et  al.  also  found  that  the  higher  frequency  turbulence  is  damped  out  in  the  boundary  layer,  while 
lower  frequency  turbulence  penetrates  and  promotes  transition;  thus  the  boundary  layer  acts  as  a 
low-pass  filter.  Finally,  they  showed  that  the  effects  of  increased  turbulence  on  turbines  include 
increased  laminar  heat  transfer  in  the  stagnation  region  near  the  leading  edge  of  the  pressure  side  as 
well  as  earlier  transition  and  increased  turbulent  heat  transfer  on  the  suction  side.  A  representative 
wave  number  of  effective  turbulence  range  correlates  to  k$  =  0. 11/S.  They  found  the  turbulence  that 
affects  heat  transfer  the  most  is  not  the  integrated  (measured)  level  of  turbulence  in  the  freestream, 
but  rather  the  turbulence  corresponding  to  a  band  of  wave  numbers  around  k$  selected  by  the 
boundary  layer.  The  scales  of  turbulence  most  effective  on  triggering  pre-transitional  boundary 
layers  is  that  centered  around  the  Kolmogorov  dissipative  range. 
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Abstract 


Nessler,  Chase  A.,  M.S.  Egr.,  Department  of  Mechanical  and  Materials  Engineering, 
Wright  State  University,  2010.  Characterization  of  Internal  Wake  Generator  at  Low 
Reynolds  Number  with  a  Linear  Cascade  of  Low  Pressure  Turbine  Blades. 

Unsteady  flow  and  its  effects  on  the  boundary  layer  of  a  low  pressure  turbine 
blade  is  complex  in  nature.  The  flow  encountered  in  a  low  pressure  turbine  contains 
unstructured  free-stream  turbulence,  as  well  as  structured  periodic  perturbations  caused 
by  upstream  vane  row  wake  shedding.  Researchers  have  shown  that  these  conditions 
strongly  influence  turbine  blade  performance  and  boundary  layer  separation,  especially  at 
low  Reynolds  numbers.  In  order  to  simulate  these  realistic  engine  conditions  and  to 
study  the  effects  of  periodic  unsteadiness,  a  moving  bar  wake  generator  has  been 
designed  and  characterized  for  use  in  the  Air  Force  Research  Labs  low  speed  wind 
tunnel.  The  layout  is  similar  to  other  traditional  squirrel  cage  designs,  however,  the 
entire  wake  generator  is  enclosed  inside  the  wind  tunnel,  up-stream  of  a  linear  cascade. 
The  wake  shed  from  the  wake  generator  was  characterized  by  its  momentum  deficit, 
wake  width,  and  peak  velocity  deficit.  It  is  shown  that  the  wakes  produce  a  periodic 
unsteadiness  that  is  consistent  with  other  wake  generator  designs. 

The  effect  of  the  periodic  disturbances  on  turbine  blade  performance  has  been 
investigated  at  low  Reynolds  number  using  the  highly  loaded,  AFRL  designed  LI  A  low 
pressure  turbine  profile.  Wake  loss  measurements,  pressure  coefficient  distribution,  and 
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particle  image  velocimetry  was  used  to  quantify  the  LI  A  blade  performance  with 
unsteady  wakes  at  a  Reynolds  number  of  25,000  with  0.5%  and  3.4%  free-stream 
turbulence.  Wake  loss  data  showed  that  the  inclusion  of  periodic  wakes  reduced  the 
profile  losses  by  56%  compared  to  steady  flow  losses.  Previous  pressure  coefficient 
distributions  showed  that  the  L1A  blade  profile,  under  steady  flow  conditions,  has  non¬ 
reattaching  separated  flow  along  the  suction  surface.  With  the  inclusion  of  the  periodic 
wakes,  the  pressure  coefficient  profile  revealed  that  the  flow  separation  had  been 
dramatically  reduced  to  a  small  separation  bubble. 

The  wake  passing  event  was  split  into  six  phases  and  captured  using  two- 
dimensional  planer  PIY.  The  interaction  between  the  passing  wakes  and  the  separation 
bubble  was  noted.  The  bubble  was  observed  to  grow  in  size  between  passing  wakes,  but 
was  only  able  to  achieve  a  fraction  of  the  original  level  of  separation.  The  streamlines 
through  the  unrestricted  blade  passage  were  able  to  better  follow  the  blade  profile, 
indicating  an  improved  exit  flow  angle  with  lower  losses.  The  data  shows  that  the  wake 
generator  was  successfully  implemented  into  the  wind  tunnel  and  is  able  to  properly 
simulate  blade  row  interactions. 
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Chapter  1 


Introduction 

1.1  Motivation 

Low  Reynolds  numbers  are  often  encountered  in  low  pressure  turbines  especially  at  high 

altitude  cruise  environments.  The  use  of  unmanned  aerial  vehicles  has  pushed  the 

altitude  limits  even  further,  resulting  in  extremely  low  Reynolds  number  flows  through 

the  low  pressure  turbine.  These  conditions  can  result  in  a  component  efficiency  drop  on 

the  order  of  7  percent  between  takeoff  and  cruise  environments  for  small  military  engines 

[1].  Current  trends  in  gas  turbine  engine  development  have  been  toward  utilizing  larger 

bypass  ratios  resulting  in  a  lower  core  flow,  and  decreasing  the  number  of  blades  in  the 

low  pressure  turbine  while  maintaining  the  same  amount  of  stage  work.  As  a 

consequence  of  these  trends,  the  low  pressure  turbine  can  experience  Reynolds  numbers 

as  low  as  25,000  with  fewer  blades  producing  the  same  amount  of  stage  work.  Under 

these  flow  conditions,  the  development  of  a  laminar  boundary  layer,  coupled  with  a 

strong  adverse  pressure  gradient  on  the  suction  surface  of  a  low  pressure  turbine  blade, 

can  lead  to  blade  stall,  or  boundary  layer  separation. 

Due  to  the  relatively  large  aspect  ratios  in  a  low  pressure  turbine,  the  profile  loss, 

particularly  with  boundary  layer  separation,  is  the  largest  contributing  factor  of  the 
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overall  total  loss.  It  has  been  shown  that  a  conventional  low  pressure  turbine  blade  can 
have  up  to  60  percent  of  the  losses  generated  by  the  suction  surface  boundary  layers  [2], 
Sharma  [3]  has  shown  that  increasing  low  Reynolds  number  aerodynamic  performance  of 
low  pressure  turbine  blades  has  the  potential  to  increase  low  pressure  turbine  efficiency 
by  over  1%.  In  high  bypass  ratio  turbo  fans,  almost  80%  of  the  total  thrust  comes  from 
the  low  pressure  turbine  driven  fan.  Small  increases  in  low  pressure  turbine  efficiencies 
can  therefore  have  large  increases  in  specific  fuel  consumption  [4], 

Other  improvements  to  the  low  pressure  turbine  can  come  from  reductions  in 
blade  numbers  for  a  given  stage.  Almost  one  third  of  the  total  engine  weight  in  a  modem 
high-bypass-ratio  engine  comes  from  the  low  pressure  turbine  [5].  Blade  count 
reductions  can  have  a  substantial  effect  on  weight  due  to  the  relatively  large  aspect  ratios 
in  the  low  pressure  turbine.  Reduced  blade  numbers  also  benefit  the  manufacturer  as  it 
results  in  a  reduced  part  count,  reduced  manufacturing  costs,  and  an  increase  in 
reliability. 

In  low  Reynolds  number  flows,  a  laminar  boundary  layer  typically  develops  on 
the  suction  surface  of  a  low  pressure  turbine  blade.  As  blade  numbers  are  reduced  and 
the  blade  loading  is  increased,  the  peak  surface  pressure  also  increases,  which  is  followed 
by  a  stronger  adverse  pressure  gradient.  If  the  laminar  boundary  layer  is  unable  to 
overcome  the  adverse  pressure  gradient  that  is  present  on  the  aft  portion  of  a  low  pressure 
turbine  blade,  the  boundary  layer  will  separate.  Ongoing  efforts  for  improving  the  low 
pressure  turbine  performance  have  therefore  been  twofold;  increasing  the  efficiency  at 
low  Reynolds  number  in  which  boundary  layer  separation  is  most  likely  to  occur,  and 
increasing  the  blade  loading  to  reduce  the  blade  count  for  a  given  stage. 
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Current  research  in  low  pressure  turbine  blade  performance  has  been  toward 


understanding  boundary  layer  separation  in  low  Reynolds  number  flows  and  the  effect  of 
a  large  adverse  pressure  gradient  resulting  from  increased  blade  loading.  As  this  research 
matures,  new  blade  designs  have  been  developed  for  the  low  pressure  turbine  that  utilize 
the  laminar  boundary  layer  to  reduce  losses  and  withstand  larger  adverse  pressure 
gradients  resulting  from  increased  blade  loading.  Figure  1.1  illustrates  the  current  design 
trend  of  blade  count  reductions  as  a  function  of  pressure  ratio. 


Figure  1.1 
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Current  trend  toward  low  pressure  turbine  blade  count  reduction  [48]. 


1.2  Literature  Review 

1.2.1  Boundary  Layer  Development,  Transition,  and  Separation 

Many  researchers  have  suggested  that  a  reduction  of  profile  loss  and  boundary 
layer  separation  at  low  Reynolds  number  can  be  accomplished  by  affecting  the  transition 
of  the  boundary  layer.  The  three  main  modes  of  transition  suggested  by  Mayle  [6]  in 
which  a  laminar  boundary  layer  transitions  to  turbulent,  are  summarized  by  Oztlirk  and 
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Schobeiri  [7].  The  first  mode  is  referred  to  as  natural  transition  and  occurs  when  a  weak 


instability  in  the  laminar  boundary  layer  develops  into  two-dimensional  Tollmien- 
Schlichting  waves.  These  waves  are  amplified  within  the  boundary  layer  until  they 
become  three-dimensional  and  eventually  transition  the  flow  to  turbulent.  This  type  of 
transition  mode  is  described  as  only  occurring  in  low  free-stream  turbulence 
environments  and  is  said  to  be  irrelevant  to  gas  turbine  flows  which  are  considered  to 
have  high  turbulence  intensities.  The  second  mode  of  transition  is  referred  to  as  bypass 
transition  and  develops  through  large  disturbances  in  the  external  flow,  causing  the  first 
mode  of  transition  to  be  bypassed.  These  large  disturbances  can  be  a  source  for  a 
turbulent  spot  to  develop  in  the  boundary  layer,  effectively  causing  it  to  transition.  The 
third  transition  mode  is  called  separated  flow  transition,  and  is  described  as  occurring  in  a 
separated  free  shear  layer  of  a  laminar  boundary  layer.  A  separated  shear  layer  is  said  to 
originate  when  the  flow  close  to  the  wall  stagnates  due  to  an  adverse  pressure  gradient. 
This  causes  a  flow  blockage,  forcing  the  rest  of  the  flow  to  separate  from  the  blade 
surface  and  a  separated  shear  layer  develops  [8].  The  transition  process  and  its  location 
in  the  separated  free  shear  layer  are  explained  as  significantly  affecting  the  separation 
bubble  length  and  are  often  seen  in  the  compressor  and  low  pressure  turbine  [7]. 

Free-stream  turbulence  within  a  turbine  engine  can  be  on  the  order  of  12-15 
percent  which,  as  stated  above,  can  affect  the  behavior  of  the  boundary  layer  and  its 
transition.  Researchers  commonly  use  turbulence  generating  grids  in  wind  tunnel  testing 
to  simulate  this  high  free-stream  turbulence  seen  in  turbine  engines.  The  effects  of 
Reynolds  number  and  turbulence  intensity  on  boundary  layer  separation  were 
investigated  by  Yolino  and  Hultgren  [1]  using  a  flat  plate  subject  to  the  same 
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dimensionless  pressure  gradient  as  the  suction  side  of  a  low-pressure  turbine  airfoil. 
Detailed  velocity  measurements  were  made  in  the  Reynolds  number  range  of  50k  to 
300k,  covering  typical  operating  conditions  for  a  low  pressure  turbine  for  cruise  and  take¬ 
off  environments.  It  was  found  that  Reynolds  number  and  free-stream  turbulence  were 
not  important  factors  on  boundary  layer  separation  as  long  as  they  are  low  enough  to 
maintain  a  laminar  boundary  layer  upstream  of  the  separation  location.  However,  the 
location  and  the  extent  of  the  transition  zone  were  said  to  be  strongly  dependent  on 
Reynolds  number  and  free-stream  turbulence.  The  reattachment  process  was  observed  to 
simultaneously  occur  with  the  onset  of  transition  in  both  high  and  low  free  stream 
turbulence  intensities.  In  low  free  stream  turbulence,  the  laminar  boundary  layer  begins 
to  fluctuate  at  the  separation  point  and  continues  to  fluctuate  in  a  finite  frequency  band  in 
the  separated  shear  layer.  These  fluctuations  grow  until  a  breakdown  into  turbulence 
occurs  and  the  boundary  layer  would  reattach.  For  the  high  free-stream  turbulence 
conditions,  the  separation  bubbles  were  described  as  being  considerably  thinner.  For  the 
higher  Reynolds  numbers  of  200k  and  above,  transition  of  the  boundary  layer  was  seen 
before  the  separation  location  and  was  often  able  to  suppress  the  flow  from  separating. 
According  to  Volino  and  Hultgren,  if  separation  were  to  occur  at  these  high  Reynolds 
numbers,  the  bubble  was  very  small  and  did  not  affect  the  downstream  development  of 
the  boundary  layer. 

In  a  continuation  of  this  study,  Volino  [9]  found  that  high  free-stream  turbulence 
intensity  had  competing  effects  in  the  evaluation  of  losses.  The  high  turbulence  was  said 
to  enhance  mixing  which  tended  to  increase  the  boundary  layer  development  along  with 


5 


513 

Approved  for  public  release;  distribution  unlimited. 


the  losses.  At  high  enough  turbulence  intensities,  it  was  observed  to  cause  an  earlier 
transition  and  reattachment,  which  decreases  the  boundary  layer  thickness  and  losses. 

In  summary,  Volino  describes  flow  separation  to  be  influenced  by  the  state  of  the 
boundary  layer  and  the  location  of  transition.  Laminar,  rather  than  turbulent  boundary 
layers  are  much  more  susceptible  to  separation,  and  the  location  of  transition  can  prevent 
or  reattach  separated  flow.  In  this  study,  according  to  Volino,  if  boundary  layer  transition 
occurs  far  enough  upstream  it  can  prevent  separation,  while  if  it  occurs  in  the  shear  layer 
over  a  separation  bubble,  it  will  induce  boundary  layer  reattachment.  Low  Reynolds 
number  flow  moves  the  transition  location  further  downstream,  and  unsteady  flow 
associated  with  the  flow  turbulence  intensity  moves  the  transition  location  upstream. 
Although  higher  turbulence  intensities  may  prevent  separation,  the  effect  of  a  longer 
turbulent  region  increases  losses  compared  to  an  attached  laminar  boundary  layer. 

1.2.2  Periodic  Unsteady  Flow  and  the  use  of  Wake  Generators 

The  flow  inside  a  turbine  engine  is  known  to  be  unsteady  and  contain  large  scale 
structures  that  are  not  captured  using  turbulence  grids  in  wind  tunnels.  According  to 
Doorly  [10],  the  unsteady  flow  in  a  turbine  engine  is  produced  by  three  main  sources, 
some  of  which  produce  periodic  flow  disturbances.  The  first  source  is  from  the 
turbulence  and  instabilities  generated  in  the  combustion  chamber.  The  second  is  due  to 
the  potential  flow  interactions  between  stages  which  contribute  to  periodic  unsteadiness. 
And  the  third  cause  of  the  unsteady  flow  is  said  to  arise  from  the  periodic  unsteadiness 
generated  from  wakes  shed  by  the  separated  blade  boundary  layers  of  the  trailing  edge  of 
one  stage,  which  propagates  downstream,  impinging  on  the  successive  stages.  Doorly 

6 

514 

Approved  for  public  release;  distribution  unlimited. 


referred  to  this  event  as  “wake-passing”.  The  effect  of  wake  passing  has  been  listed  by 
Walker  as  one  of  four  primary  factors  influencing  transition  in  gas  turbine  blades  [11]. 
Wake  passing  causes  unsteady  flow  characteristics  to  develop  through  periodic 
perturbations  caused  by  the  passing  rotor  blades.  This  periodic  unsteadiness  can  have 
dramatic  affects  on  profile  losses  of  highly  loaded  low  pressure  turbine  blades  with 
separated  boundary  layers  [12]. 

Researchers  have  shown  that  small  disturbances,  including  passing  wakes,  can 
affect  transition  on  a  laminar  boundary  layer  or  a  separated  free  shear  layer  and  therefore 
affect  the  losses  generated.  Over  the  past  three  decades  researches  have  attempted  to 
include  the  effect  of  passing  wakes  in  conjunction  with  free-stream  turbulence  for  a  more 
accurate  and  realistic  evaluation  of  loss  on  compressor  and  low  pressure  turbine  blades. 
The  overall  goal  of  these  Researchers  is  to  simulate  the  rotor-stator  flow  interactions  seen 
in  multistage  turbomachinery  in  a  more  controlled  environment  such  as  a  wind  tunnel. 

The  simulation  of  wakes  shed  from  upstream  stages  in  a  wind  tunnel  environment 
has  been  performed  in  a  number  of  different  ways.  Typically,  the  simulations  consist  of 
wake  generating  mechanisms  that  traverse  upstream  of  a  test  article,  shedding  wakes  as 
they  pass.  Although  there  is  no  set  standard  or  theory  for  wake  generating  systems  like 
there  is  for  turbulence  grids,  researchers  try  to  simulate  a  periodic  wake  passing  that  is 
consistent  with  what  a  turbine  blade  will  see  in  a  turbine  engine.  Usually,  the  size  and 
shape  of  the  wake  generating  mechanism  is  chosen,  such  that  a  velocity  deficit, 
turbulence  parameter,  drag  coefficient,  or  loss  coefficient  is  matched  to  that  of  a  turbine 
blade.  Similarly,  the  spacing  between  the  wake  generating  mechanisms  and  the  distance 
upstream  of  the  test  article  is  also  matched  to  what  is  found  in  a  turbine  engine.  The 
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velocity  that  the  wake  generating  mechanism  is  traversed  across  the  test  section  is 
typically  chosen  to  match  the  velocity  triangles  of  a  turbine  engine. 

One  of  the  most  famous  wake  generating  systems  is  located  in  the  Whittle 
Laboratory  at  Cambridge  University  and  is  shown  in  figure  1.2.  This  system  uses 
cylindrical  rods  as  the  wake  generating  mechanism  and  the  rods  are  fastened  to  rubber 
belts  that  traverse  across  a  linear  cascade  of  turbine  blades  in  a  low  speed  wind  tunnel. 
The  rods  enter  and  exit  through  the  sides  of  the  wind  tunnel  and  complete  the  loop 
downstream  of  the  cascade.  Various  rod  spacing  and  rod  diameters  have  been  used  to 
match  the  typical  spacing  and  loss  coefficient  of  a  stator  vane. 


m  [ 

Figure  1.2  Wake  generator  configuration  at  Cambridge  University  [13]. 


The  wake  generating  system  at  the  Texas  A&M  University,  shown  in  figure  1.3, 
also  uses  cylindrical  rods  as  the  wake  generating  mechanism.  The  size  of  the  rods  and 
distance  upstream  of  the  cascade  is  chosen  so  that  the  Reynolds  stresses  and  velocity 
deficit  of  the  wake  from  the  rod  are  matched  to  the  wake  shed  from  a  turbine  blade. 
Similarly  the  rod  spacing  and  bar  velocity  is  chosen  to  match  what  is  found  for  a  stator 
row  and  stage  velocity  triangle  in  a  turbine  engine. 
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0  Sialic  pressure  blade  0  Timing  belts,  rod  attachments  0  Inlet  nozzle 

@  Blade  with  hot  film  sensors  0  Transition  duct  (f§)  Hydraulic  cylinders 

@  Wake  generating  rods  0  straight  duct  (H)  Pivot  point 

0  Wake  generator  0  Traversing  syslem  @  Wake  generator  e-molor 

Figure  1.3  Schematic  of  wake  generating  system  at  Texas  A&M  University  [14]. 


Other  noteworthy  wake  generating  systems  include  one  designed  by  Bons  et  al. 
[15]  at  Ohio  State  University,  shown  in  figure  1.4;  the  high  speed  system  located  at  the 
Universitat  der  Bundeswehr  Mlinchen  and  is  upstream  of  a  high-speed  wind  tunnel 
shown  in  figure  1.5;  and  a  rotating  rig  in  an  annular  cascade  at  NASA  Glenn  Rotor-Wake 
Heat  Transfer  facility  shown  in  figure  1.6.  The  majority  of  wake  generating  systems  that 
have  been  developed  use  cylindrical  rods  as  the  wake  generating  mechanism  and  wake 
parameters  chosen  to  match  what  is  found  in  a  turbine  engine. 


(13)  Large  silence  chamber  with 
honeycom  and  five  screens 
Qj)  Telescope  supprt 

(fn)  Honeycomb  flow  straightener 
(fg)  Traversing  slots 
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Figure  1.4  CAD  drawing  and  schematic  of  wake  generating  system  and  test  section  at 

Ohio  State  University  [15]. 


Figure  1.5  Schematic  of  high  speed  test  facility  wake  generating  system  at  the 
Universitat  der  Bundeswehr  Miinchen  [16]. 


Figure  1.6  Schematic  of  annular  cascade  with  rotating  wake  generating  system  at 
NASA  Glenn  Rotor-Wake  Heat  Transfer  facility  [17]. 
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1.2.3  Wake  Generating  Mechanisms 


The  use  of  cylindrical  rods  as  a  wake  generating  mechanism  is  based  on  the 
similarities  of  the  wake  characteristics  to  a  turbine  blade.  In  an  experimental  study,  a 
two-component  laser  Doppler  velocimeter  (LDV)  was  used  to  look  at  the  time-varying 
characteristics  of  the  turbulent  near  wake  of  a  large  scale  turbine  cascade  [18]. 
Comparisons  of  the  mean  flow  properties  of  the  turbine  blade  wake  were  made  to  that  of 
a  wake  shed  from  a  circular  cylinder.  It  was  found  that  the  kinematic  structure  of  the 
periodic  flow  was  qualitatively  similar  to  an  analogous  study  of  the  near  wake  from  a 
circular  cylinder.  The  magnitude  of  the  velocity  components,  however,  was  much  lower 
for  the  turbine  blade  and  displayed  slightly  lower  stream-wise  and  cross-stream  Reynolds 
stresses.  It  was  also  found  that  the  Strouhal  number  associated  with  vortex  shedding 
frequency  was  higher  for  the  turbine  blade.  Although  the  test  was  performed  at  a 
relatively  high  Reynolds  number  with  a  vortex  shedding  frequency  of  1300  Hz,  the 
authors  state  that  the  findings  can  be  applied  to  lower  Reynolds  number  flows  with  lower 
vortex  shedding  Strouhal  numbers. 

Schobeiri  [19],  who  has  done  extensive  research  with  wake  flow  through  curved 
channels,  states  that  the  far  wake  (x/d  >  80)  from  a  cylindrical  rod  appropriately  matches 
the  Reynolds  stress  components  of  a  wake  from  a  turbine  blade.  According  to  O’Brien 
and  Capp  [20],  who  measured  the  two-component  phase-average  turbulence  statistics 
downstream  of  cylindrical  rods,  found  that  cylinder  wakes  cannot  simulate  the  boundary 
layer  and  the  loading  of  an  upstream  blade.  The  authors  state  however,  that  the  velocity 
deficit  and  turbulence  production  are  simulated  to  some  degree. 
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Researchers  have  found  that  even  though  the  wake  shed  from  a  circular  cylinder 
can  not  exactly  match  the  wake  from  a  turbine  blade,  the  primary  flow  features  of 
concern  are  adequately  simulated.  The  differences  between  the  two  wakes  are  thought  to 
arise  from  the  interaction  of  the  flow  coming  off  of  the  suction  side  and  the  pressure  side 
of  the  turbine  blade  [10].  Sieverding  et  al.  [21]  was  able  to  show  smoke  visualizations  of 
the  suction-side  and  pressure-side  vortices  in  the  far  wake  of  a  turbine  blade 
demonstrating  these  interactions. 

Pluim  et  al.  [22]  performed  a  wake  comparison  study  of  four  different  shapes  to 
be  used  in  a  wake  generator  in  an  effort  to  better  simulate  rotor-stator  flow  interactions. 
The  wakes  of  the  four  different  shapes  were  compared  to  that  of  a  wake  shed  by  a  LI  A 
low  pressure  turbine  blade.  Of  interest  to  this  current  study  were  the  results  of  the 
cylindrical  rod,  isosceles  triangle  (wedge),  and  a  biconvex  shape.  The  wedge  shape  was 
chosen  to  better  match  the  known  asymmetric  wake  of  a  turbine  blade  while  the  biconvex 
shape  was  chosen  to  compare  the  wake  of  an  aerodynamic  shape.  By  comparing 
individual  parameters,  such  as  the  velocity  deficit,  RMS  velocity,  and  Reynolds  shear 
stress,  a  least  squares  analysis  was  performed  to  calculate  the  distance  downstream  (x/d) 
that  the  shape  should  be  placed  to  best  fit  the  profile  obtained  from  the  LI  A  turbine 
blade.  The  results  show  that  the  biconvex  shape  had  the  thinnest  and  quickest  recovering 
wake  of  the  shapes  tested,  which  resulted  in  the  worst  fit  to  the  LI  A  wake.  The 
cylindrical  rod  had  good  similarities  to  the  blade  wake  at  an  x/d  distance  of  8,  but  the 
wedge  shape  skewed  at  a  15  degree  angle  placed  at  an  x/d  distance  of  6  was  the  best 
match  and  most  like  the  turbine  blade  wake. 
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Extensive  research  has  gone  into  the  use  of  cylindrical  rods  as  the  wake 
generating  mechanism  because  of  the  importance  of  accurately  simulating  upstream  blade 
row  wake  shedding  in  wind  tunnel  testing.  The  simulation  of  upstream  wake  shedding 
needs  to  be  representative  of  engine  conditions  so  that  once  a  blade  design  has  been 
evaluated  in  the  wind  tunnel,  the  results  will  scale  to  full  engine  rig  tests.  The  two  wake 
characteristics  of  a  stator  or  rotor  most  commonly  chosen  to  match  are  the  velocity  deficit 
and  turbulence  quantities.  These  quantities  and  their  interaction  with  a  boundary  layer 
are  thought  to  be  responsible  for  affecting  transition  and  separation  on  the  blade  suction 
surface. 

1.2.4  The  Flow  Physics  and  Transition  Mechanism  of  Unsteady  Wakes 

The  effect  of  wake  passing  has  been  stated  as  being  a  primary  factor  in  the 
transition  of  the  boundary  layer  on  low  pressure  turbine  blades.  Understanding  this  effect 
on  the  transition  process  and  on  blade  losses  is  desired  if  new  blade  designs  are  to  have 
increased  loading  and  improved  low  Reynolds  number  performance.  Through  an  effort 
to  better  understand  the  transition  process,  researchers  have  studied  the  interaction 
between  unsteady  wakes  and  separated  boundary  layers.  In  an  investigation  of  the 
development  of  a  boundary  layer  with  unsteady  wakes,  Schulte  and  Hodson  [12]  used 
hot-film  sensors  to  determine  the  boundary  layer  characteristics  at  the  onset  and 
following  the  passing  of  an  unsteady  wake  over  a  separation  bubble.  Their  data  showed 
that,  for  a  given  bar  diameter  and  spacing,  a  turbulent  event  is  triggered  in  front  of  the 
impinging  wake  and  moves  at  70  percent  of  the  free-stream  velocity.  This  turbulent 
patch,  with  its  increased  levels  of  shear  stress,  was  observed  to  prevent  the  boundary 

13 

521 

Approved  for  public  release;  distribution  unlimited. 


layer  from  separating  and  is  followed  by  a  laminar  or  “becalmed”  region.  The  becalmed 
region  is  said  to  also  prevent  the  boundary  layer  from  separating  due  to  its  relatively 
elevated  shear  stress  and  more  developed  velocity  profiles.  This  effect  did  not  last  as  a 
small  separation  bubble  formed  between  passing  wakes.  A  predication  of  this  becalmed 
region  that  follows  the  wake-induced  turbulent  patches  was  undertaken  by  Schulte  and 
Hodson  [23].  It  was  found  that  this  phenomenon  could  be  modeled  by  the  laminar 
unsteady  boundary  layer  equations,  making  it  predictable  and  independent  of  any 
turbulence  modeling. 

Unsteady  surface  pressure  measurements  on  a  low  pressure  turbine  blade  in  the 
presence  of  unsteady  wakes  were  made  by  Stieger  et  al.  [24]  with  fast  response  Kulite 
pressure  transducers.  Large  amplitude  fluctuations  were  seen  in  the  measurements  as  the 
wake  convected  over  the  separation  bubble.  PIV  measurements  were  used  to  identify 
vortices  present  in  the  boundary  layer,  and  it  was  confirmed  by  reference  to  literature  that 
these  vortices  were  responsible  for  the  pressure  oscillations.  The  authors  proposed  that 
an  instability  mechanism  from  the  passing  wake  amplified  the  fluctuations  in  the  laminar 
shear  layer.  This  amplification  is  said  to  lead  to  the  formation  of  rollup  vortices 
embedded  in  the  boundary  layer. 

Stieger  and  Hodson  [25]  performed  detailed  two-dimensional  Laser  Doppler 
Anemometry  (LDA)  measurements  on  the  suction  surface  of  a  low  pressure  turbine  blade 
to  further  investigate  the  interaction  between  a  convecting  wake  and  a  separation  bubble. 
In  this  study,  a  new  mechanism  was  observed  that  explains  the  boundary  layer  transition 
due  to  the  interaction  of  a  convecting  wake. 
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The  process  of  the  interaction  and  the  transition  mechanism  is  broken  down  into  a 
sequence  of  events  that  is  repeated  periodically,  as  wakes  pass  over  the  blade  surface. 
Figure  1.7,  reproduced  from  Stieger  and  Hodson  [25],  depicts  this  sequence  of  events.  In 
this  process,  the  authors  build  upon  the  concept  proposed  by  Meyer  [26],  in  which  the 
convecting  wake  can  be  thought  of  as  a  negative  jet  within  the  flow  field.  The  authors 
describe  the  process  staring  with  the  wake  acting  like  a  negative  jet,  which  impinges 
upon  the  blade  surface  upstream  of  a  developing  separation  bubble.  The  negative  jet  is 
said  to  split  into  two  streams,  one  flowing  upstream  retarding  the  flow,  and  one  flowing 
downstream  accelerating  the  flow.  As  the  wake  approaches  the  separation  bubble,  the 
authors  observed  the  outer  region  of  the  boundary  layer  accelerate  and  the  separated 
shear  layer  becoming  more  intensified.  As  the  wake  convects  over  the  separation  bubble, 
the  free  shear  layer  becomes  deformed  as  seen  in  Figure  1.7b.  At  this  point,  the  separated 
shear  layer  is  very  unstable  and  it  is  proposed  by  the  authors  that  the  wake  disturbance 
triggers  and  in  viscid  Kelvin-Helmholtz  rollup  as  depicted  in  Figure  1.7c.  It  is  said  that  as 
the  wake  continues  to  convect  downstream,  more  rollup  vortices  are  shed  as  shown  in 
Figure  1.7d.  These  vortices  are  described  as  being  formed  by  the  inviscid  rollup  of  the 
shear  layer,  which  then  rapidly  breaks  down  into  turbulence  and  causes  the  boundary 
layer  to  transition.  The  authors  note  that  this  transition  mechanism  requires  a  separated 
shear  layer  and  only  occurs  if  a  separation  bubble  is  present. 
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(a) 


Figure  1.7  Sketch  of  the  wake  acting  like  a  negative  jet  impinging  upon  the  separation 

bubble  [25]. 


Two-dimensional  Particle  Image  Velocimetry  (PIV)  was  used  by  Uzol  et  al.  [27] 
to  investigate  the  interaction  between  unsteady  wakes  and  the  separated  boundary  layer 
on  the  suction  side  of  a  high  lift  low  pressure  turbine  blade.  It  was  observed  that  before 
the  wake  impinged  upon  the  blade,  the  separation  bubble  was  large  enough  for  the  free 
shear  layer  to  roll  up  into  a  vortex.  The  authors  explain  that  the  roll  up  of  the  free  shear 
layer  is  possibly  due  to  the  inviscid  mechanism  explained  by  Stieger  and  Hodson  [25], 
From  the  PIV  measurements,  the  separation  bubble  was  seen  to  continually  shrink  in  both 
height  and  length  as  the  wake  progressed  through  the  blade  passage.  Once  the  bubble 
became  too  small  and  the  free  shear  layer  was  unable  to  roll  into  a  large  vortex,  smaller 
size  eddies  were  identified  by  their  swirl  strength,  and  were  observed  to  combine  forming 
other  eddies,  or  breakup  into  turbulence.  Once  the  wake  had  passed,  the  separation 
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bubble  was  observed  to  grow  in  height  and  length  but  was  never  able  to  attain  the  size  of 
the  steady  flow  case. 

In  a  detailed  unsteady  boundary  layer  measurement,  the  onset  and  extension  of 
the  separation  zone  with  unsteady  wake  flow  was  identified  [7].  The  separation  zone  was 
observed  to  periodically  contract  and  expand  with  the  passing  wake.  The  authors  suggest 
that  in  conjunction  with  the  pressure  gradient  and  the  passing  wakes,  the  fluctuation 
acceleration  (rate  of  change  of  RMS  velocity  with  respect  to  time)  offers  a  higher 
momentum  and  energy  transfer  into  the  boundary  layer  which  energizes  the  separation 
zone  and  can  cause  it  to  partially  or  completely  disappear.  A  condition  in  which  the 
direction  of  the  fluctuation  acceleration  determines  the  behavior  of  the  separation  zone  is 
presented.  The  authors  suggest  if  the  fluctuation  acceleration  is  greater  than  zero,  the 
separation  zone  starts  to  contract  and  as  it  becomes  less  than  zero,  it  gradually  expands 
back  to  the  shape  before  the  contraction.  It  is  concluded  that  the  fluctuation  gradient  is  a 
natural  characteristic  of  the  periodic  wake  and  does  not  exist  in  a  steady  flow  with  high 
turbulence  intensity. 

The  convection  of  a  wake  through  a  turbine  passage  was  studied  using  two- 
dimensional  LDA  [13].  In  this  study  the  perturbation  velocity  vectors,  calculated  by 
subtracting  the  ensemble  average  velocity  from  the  time  average  velocity,  were  used  to 
visualize  the  wake  convecting  through  the  blade  passage.  The  visualization  showed  the 
wake  becoming  bowed,  stretched  and  elongated  as  it  passed  over  the  blade  surface.  Most 
importantly,  turbulence  measurements  revealed  turbulent  kinetic  energy  production 
external  to  the  boundary-layer  flow  and  provided  a  method  in  which  the  convection  of  a 
turbulent  wake  through  a  blade  row  may  increase  the  levels  of  turbulence. 
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1.2.5  Affect  of  Periodic  Unsteady  Wakes  on  Flow  Separation  and 
Losses 

The  inclusion  of  unsteady  wakes  in  the  flow  around  a  low  pressure  turbine  blade 
at  low  Reynolds  number  has  been  shown  to  be  very  beneficial,  especially  if  the  suction 
surface  exhibits  a  separated  boundary  layer.  Schobeiri  [28]  performed  a  study  in  which 
the  Reynolds  number  and  the  wake  passing  frequency  was  varied  and  compared  to  steady 
flow  conditions.  It  was  shown  that  increasing  the  Reynolds  number  from  110k  to  150k 
had  little  effect  on  the  separation  bubble  and  Cp  distribution  for  the  steady  state  case.  For 
the  unsteady  case  however,  the  Cp  distribution  displayed  increased  loading  with  a  shorter 
separated  region  for  the  higher  Reynolds  number,  indicating  the  separation  bubble  had 
been  reduced  in  height  and  length.  Boundary  layer  measurements  confirmed  these 
observations  and  revealed  the  separation  bubble  contracting  and  expanding  as  the  wake 
passed. 

The  free-stream  turbulence  intensity  (FSTI)  can  also  play  an  important  role  in  the 
extent  of  flow  separation  with  passing  wakes.  Oztlirk  and  Schobeiri  [29]  performed  a 
turbulence  study  with  passing  wakes  for  four  different  FSTI  and  found  that  the  effect  of 
the  wake  can  be  washed  out  in  the  turbulence  and  the  separation  behavior  is  completely 
dominated  by  turbulence  levels.  It  was  found  that  the  wake  becomes  absorbed  in  the 
free-stream  turbulence  when  the  level  of  the  time-averaged  turbulence  fluctuations  is 
above  the  maximum  level  of  the  wake  fluctuations. 

In  a  similar  study  using  the  same  facility,  the  effects  of  periodic  unsteady  wake 
flow  on  boundary  layer  development,  and  separation  along  the  suction  surface  of  a  low 
pressure  turbine  blade  was  investigated  [14].  In  this  study,  two  unsteady  and  one  steady 
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flow  conditions  were  analyzed  at  a  Reynolds  number  of  1 10k.  Similar  results  were  found 
in  which  the  wakes  periodically  disturb  the  boundary  layer  with  their  high  turbulence 
vortical  core,  and  were  effective  in  reducing  the  size  of  the  separation  bubble.  A  periodic 
contraction  and  expansion  with  a  reduction  in  the  separation  bubble  height  was  also 
observed. 

Curtis  et  al.  [2]  used  a  loss-lift  parametric  study  to  design  low  pressure  turbine 
blades  based  on  the  results  from  a  datum  profile.  It  was  shown  that  the  inclusion  of 
wakes  caused  an  attached  transitional  boundary  layer  to  develop  on  the  blade  surface 
which  was  previously  laminar  for  steady  inflow.  The  addition  of  the  wakes  had  modified 
the  boundary  layers  on  all  three  blades  tested  and  it  was  a  contributing  factor  in  the  loss 
measurements. 

Utilizing  this  knowledge  gained  from  increased  blade  loading  with  unsteady  wake 
flow,  a  study  was  performed  using  newly  designed  “ultra  high  lift”  blade  profiles  and 
compared  to  a  previous  generation  of  high  lift  profiles  [5].  Experiments  were  performed 
in  both  a  high  speed  and  low  speed  cascade  with  unsteady  wakes,  and  then  validated 
using  a  high  speed  cold  flow  multi-stage  turbine  rig.  The  high  lift  profiles  achieved  a 
20%  blade  count  reduction  from  previous  designs  while  the  ultra  high  lift  profiles 
attained  an  1 1%  further  reduction  in  blade  count  from  that  of  the  high  lift  design. 

In  both  the  high  speed  and  low  speed  cascade  tests  with  unsteady  wakes,  a  strong 
dependency  on  Reynolds  number  was  shown  with  losses  increasing  with  decreasing 
Reynolds  number.  The  high  speed  cascade  tests  show  that  the  ultra  high  lift  profile  had 
lower  losses  from  a  Reynolds  number  (based  on  suction  surface  length  and  isentropic  exit 
velocity)  of  300k  to  105k,  then  increased  dramatically  and  surpassed  that  of  the  high  lift 
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profile  down  to  the  tested  Reynolds  number  of  70k.  The  results  were  not  as  promising 
for  both  the  low  speed  and  cold  flow  rig  tests.  In  both  tests  the  high  lift  profile  slightly 
out-performed  the  ultra  high  lift  profile  which  showed  higher  losses  and  lower  efficiency. 
Although  the  ultra  high  lift  profile  did  not  out-perform  the  high  lift  profile,  a  higher 
loading  with  decreased  blade  count  and  a  significant  reduction  in  weight  was  achieved. 
The  authors  note  that  further  investigation  is  needed  to  identify  the  source  of  the  loss  in 
performance.  However,  they  suggest  it  may  be  caused  by  increased  secondary  flow  due 
to  the  higher  loading  and  decreased  wake  passing  frequency  due  to  the  decreased  blade 
count. 

Using  the  same  cold  flow  test  rig  as  in  [5],  Howell  et  al.  [30]  performed  a 
boundary  layer  study  using  surface  mounted  hot-film  sensors,  in  which  wall  shear  stress 
was  analyzed  for  both  a  high  lift  profile  and  an  ultra  high  lift  profile  that  had  a  12  % 
reduction  in  blade  count.  The  results  showed  that  much  of  the  flow  physics  seen  in  the 
low  speed  cascade  tests  with  simulated  wakes  was  present  in  the  full  size  cold  flow  test 
rig.  The  cold  flow  test  rig  data  showed  the  typical  regions  of  wake  induced  transition 
followed  by  a  calmed  region,  which  further  validates  the  usefulness  and  the  ability  to 
simulate  rotor-stator  flow  interactions  in  low  speed  cascades  with  simulated  upstream 
wakes. 

A  similar  study  by  Howell  et  al.  [4]  showed  that  higher  lift  generating  low 
pressure  turbine  profiles  can  be  achieved  when  the  inclusion  of  wake  induced  transition  is 
taken  into  account  at  the  design  phase  of  the  turbine  blade.  In  this  study,  multiple  mid- 
loaded  profiles  with  increasing  lift  were  tested  and  compared  to  a  mid-loaded  datum 
profile.  Hot-film  measurements  showed  that,  for  a  fixed  peak  suction  location,  as  the 
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loading  was  increased,  unsteady  flow  reattachment  of  the  boundary  layer  was  shown  to 
have  moved  upstream  when  compared  to  the  datum  profile  with  steady  inflow.  The 
authors  cite  Howell  [8]  as  showing  that,  as  the  surface  length  of  the  bubble  is  reduced 
with  increasing  lift,  the  height  of  the  bubble  is  increased  along  with  the  losses  generated. 
The  authors  explain  that  this  loss  increase  under  steady  flow  conditions  is  partly  due  to 
the  increased  region  of  a  turbulent  boundary  layer  that  develops  downstream  of 
reattachment.  With  the  inclusion  of  simulated  unsteady  wakes,  the  data  shows  a 
significant  reduction  in  losses.  The  authors  state  that  the  potential  for  obtaining  a  loss 
reduction  with  the  use  of  wakes  increases  as  the  loading  increases. 

Using  this  information,  and  in  an  attempt  to  reduce  the  turbulent  region 
downstream  of  reattachment,  an  aft-loaded  blade  design  was  produced  with  15% 
increased  loading  over  the  datum  profile.  In  an  aft  loaded  blade,  peak  suction  occurs 
further  downstream  along  with  the  separation  and  reattachment  locations,  effectively 
reducing  the  post  reattachment  turbulent  region.  The  results  with  simulated  upstream 
wakes  show  that  the  aft  loaded  profile  had  slightly  higher  losses  than  the  datum  profile, 
but  produced  15%  more  lift,  which  translates  into  a  15%  blade  count  reduction.  Howell 
et  al.  [4]  concludes  that  understanding  the  unsteady  effects  of  wake  flow  can  change  the 
design  limits  placed  on  the  location  of  peak  suction  and  separation  as  well  as  the 
deceleration  level. 

Periodic  wakes  have  been  shown  to  reduce  profile  losses  at  low  Reynolds  number 
due  to  a  reduction  of  the  separation  bubble.  At  high  Reynolds  numbers,  the  reduced 
viscous  effects  along  with  the  smaller  boundary  layer  can  prevent  separation  as  discussed 
previously.  In  a  study  by  Coton  et  al.  [31]  in  which  high  Reynolds  numbers  were  tested, 
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the  advantages  of  unsteady  wakes  deteriorated  with  increasing  Reynolds  number.  At 
high  Reynolds  number  the  boundary  layer  becomes  thinner  and  transition  was  shown  to 
occur  without  the  inclusion  of  unsteady  wakes.  At  these  high  Reynolds  numbers,  the 
inclusion  of  wakes  slightly  increased  the  losses  as  larger  turbulent  regions  were  present. 
Similar  results  were  found  in  other  studies  at  high  Reynolds  number  [32]  [12]  where  the 
unsteady  wakes  increased  losses.  In  these  studies  it  was  concluded  that  the  loss  reduction 
at  low  Reynolds  number  was  significant  and  outweighed  the  efficiency  cost  of  the 
relatively  small  loss  increase  at  high  Reynolds  number. 

Periodic  wakes  have  been  shown  to  reduce  the  separation  bubble,  but  in  many  of 
these  studies  the  separation  bubble  was  not  completely  removed  and  was  shown  to  grow 
between  passing  wakes.  Flow  control  studies  with  periodic  wakes  have  attempted  to 
further  reduce  the  separation  bubble  and  losses.  Gompertz  [33]  performed  a  separation 
flow  control  study  using  vortex  generating  jets  with  simulated  upstream  wakes  on  the 
L1A  low  pressure  turbine  blade.  It  was  found  with  periodic  unsteady  wakes,  the 
separation  zone  was  reduced,  and  the  integrated  wake  total  pressure  loss  was  decreased 
by  more  than  75%.  This  however,  was  not  enough  to  fully  attach  the  flow  and  a  small 
separation  bubble  remained.  With  the  inclusion  of  the  vortex  generating  jets,  the  flow 
became  attached  and  the  Cp  distribution  fully  recovered  its  high  Reynolds  number 
performance.  The  author  states  that  with  vortex  generating  jets  located  at  72%  Cx, 
pressure  data  indicated  that  the  jet  disturbance  assumes  a  secondary  role  to  the  unsteady 
wakes,  requiring  more  energy  to  penetrate  through  the  separation  zone.  It  is  concluded 
that  the  actuation  of  the  jet  inside  the  separated  zone  increased  the  effectiveness  by 
timing  the  jet  induced  calmed  zone  between  wake  passing  events. 
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In  a  parametric  study  by  Zhang  and  Hodson  [34],  the  effect  of  surface  trips  on  the 
profile  losses  of  a  low  pressure  turbine  blade  were  examined  and  then  applied  with  the 
presence  of  unsteady  wakes.  It  was  found  that  employing  the  optimized  surface  trip  with 
unsteady  wakes  did  not  induce  transition  immediately,  but  sped  up  the  transition  process 
in  the  separated  shear  layer.  This  occurred  underneath  and  between  the  wakes  and 
further  reduced  the  profile  loss. 


1.3  Objective 

The  role  of  wake  generating  systems  in  the  research  of  flow  separation  on  low 
pressure  turbine  blades  has  proven  to  be  invaluable.  Extensive  research  using  wake 
generating  devices  has  been  ongoing  for  the  past  thirty  years  and  will  continue  as  more 
research  is  necessary  to  reach  the  goals  of  efficiency  and  blade  loading  industry  desires 
(Figure  1.1).  In  an  effort  to  help  industry  reach  these  goals,  the  Air  Force  Research 
Laboratory  (AFRL)  has  been  working  to  expand  the  design  space  and  push  the 
aerodynamic  loading  limits  of  low  pressure  turbine  blades  [35].  In  a  continuation  of  this 
effort,  a  wake  generating  system  was  desired  for  use  in  the  AFRL  low  speed  wind  tunnel 
(LSWT)  facility  to  further  investigate  the  effects  of  periodic  unsteadiness  on  low  pressure 
turbine  blade  efficiency. 

The  subject  of  this  thesis  is  the  design  and  characterization  of  a  wake  generating 
system  for  the  AFRL  low  speed  wind  tunnel.  The  design  objective  is  to  produce  periodic 
unsteadiness  in  the  flow  impinging  upon  a  linear  cascade  of  low  pressure  turbine  blades 
that  properly  simulates  the  effect  of  upstream  blade  row  wake  shedding.  It  was  preferred 
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that  the  design  have  little  to  no  modifications  to  the  existing  wind  tunnel  structure  and  the 
appropriate  flow  conditions  be  maintained  across  the  test  section.  In  accordance  with 
these  design  constraints,  a  completely  internal  wake  generating  system  was  developed  for 
the  AFRL  low  speed  wind  tunnel. 

The  characterization  of  the  wake  generating  system  was  a  comprehensive  study  of 
the  effect  on  the  wind  tunnel  flow  and  the  behavior  of  the  cascade  of  low  pressure  turbine 
blades  with  periodic  unsteady  wakes.  The  effect  on  the  wind  tunnel  flow  was  assessed  by 
checking  for  proper  flow  velocities  at  various  locations  within  the  wind  tunnel  using  hot¬ 
wire  measurements,  and  verifying  cascade  periodicity  with  pressure  measurements.  The 
wake  produced  from  the  wake  generating  system  was  characterized  with  turbulence 
quantities  and  wake  properties  measured  from  the  velocity  deficit  of  two  different  wake 
generating  shapes.  Wake  loss  measurements  were  obtained  for  evaluation  of  blade  losses 
with  periodic  unsteady  wakes  and  compared  to  steady  inflow  data.  Pressure  taps  were 
instrumented  on  the  suction  and  pressure  side  of  the  blade  profile  to  obtain  surface 
pressure  measurements  and  blade  loading  characteristics.  Particle  image  velocimetry 
(PIV)  was  used  on  the  flow  along  the  blade  suction  surface  for  a  complete  analysis  of  the 
flow  field  within  the  blade  passage  with  periodic  unsteady  wakes.  The  free-stream 
turbulence  intensity  (FSTI)  was  varied  for  each  measurement  from  a  low  FSTI  of  0.5%  to 
a  high  FSTI  of  3.4%.  This  characterization  of  the  new  wake  generating  system  provides 
quantification  of  wake  generating  parameters  and  demonstrates  the  capabilities  and 
limitations  of  the  system  for  further  investigations. 
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Chapter  2 


Wake  Generator  Design 

2.1  Experimental  Facility 

A  wake  generating  system  was  designed  for  the  low  speed  wind  tunnel  at  AFRL  Wright- 
Patterson  Air  Force  Base.  The  dimensions  and  functionality  of  the  wind  tunnel  were  the 
primary  design  constraints  for  the  wake  generating  system. 

The  wind  tunnel  is  an  open  circuit  type  with  a  0.85m  tall  by  1.22m  wide  test 
section  containing  a  linear  cascade  of  low  pressure  turbine  blades.  The  test  section 
contains  adjustable  tailboards  to  set  cascade  periodicity  and  is  able  to  be  angled  for 
different  inlet  and  exit  angles.  A  125hp  variable  frequency  electric  motor  drives  an  axial 
flow  fan  located  downstream  of  the  test  section  and  is  capable  of  inlet  velocities  up  to 
80m/s.  The  inlet  is  a  3.0m  by  2.7m  rectangular  bell-mouth  with  an  8:1  gradual  reduction 
in  cross-sectional  area.  Air  enters  through  a  series  of  honeycomb  flow  straighteners, 
which  produce  a  flow  uniformity  of  less  than  1  %  and  a  free-stream  turbulence  intensity 
(FSTI)  of  approximately  0.5%  at  the  test  section  inlet.  An  optional  square  bar  mesh 
turbulence-generating  grid  can  be  placed  upstream  of  the  cascade  yielding  a  free-stream 
turbulence  intensity  of  about  3.4%  to  better  match  the  flow  field  encountered  in  a  turbine 
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engine.  A  schematic  of  the  wind  tunnel  can  be  seen  in  figure  2.1(a)  and  the  entire  setup 
is  shown  in  figure  2.1(b). 


From  Bell  Mouth 


Figure  2.1  (a)  Top  view  schematic  of  wind 

tunnel  test  section 


(b)  Wind  tunnel  setup  at  AFRL. 


2.2  Wake  Generator  Design  Objectives  and 
Constraints 

The  overall  design  objective  for  the  wake  generating  system  was  to  produce  periodic 
unsteadiness  in  the  flow  impinging  upon  a  linear  cascade  of  low  pressure  turbine  blades, 
which  properly  simulates  the  effect  of  upstream  blade  row  wake  shedding.  It  was 
preferred  that  the  design  have  little  to  no  modifications  to  the  existing  wind  tunnel 
structure  and  the  appropriate  flow  conditions  be  maintained  across  the  test  section. 
Historically,  installing  a  wake  generating  system  in  a  wind  tunnel  consisted  of  cutting 
into  the  test  section  and  separating  it  from  the  inlet  and  exit.  This  allows  for  the  drive 
system  to  be  mounted  externally  and  the  wake  generating  mechanism  to  enter  and  exit 
through  the  wind  tunnel  sides.  Since  cutting  into  the  current  test  section  was  undesirable, 
a  completely  internal  design  was  chosen  for  the  wake  generating  system.  The  enclosed 
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design  does  not  modify  the  current  wind  tunnel  structure  and  keeps  the  internal  flow 
contained  without  leakages,  unlike  other  external  wake  generator  designs. 

In  a  typical  design  of  a  wake  generating  system,  the  wake  generating  mechanism 
traverses  across  the  cascade  upstream,  and  again  downstream,  in  order  to  complete  a 
cycle.  With  the  entire  system  limited  to  inside  the  wind  tunnel,  certain  design  constraints 
became  apparent.  Cascade  geometry  in  the  test  section  would  not  allow  for  any  part  of 
the  system  to  pass  through,  therefore  limiting  the  entire  structure  to  be  placed  upstream  of 
the  cascade.  All  functionality  and  adjustability  of  the  wind  tunnel  was  to  be  maintained, 
including  the  use  of  the  optional  turbulence  grid.  Based  on  these  constraints,  the  entire 
wake  generating  system  was  to  be  confined  between  the  cascade  and  turbulence  grid  in 
the  approximately  2.3m  long  region  with  a  constant  cross-section  of  0.85m  by  1.22m 
(figure  2.1a).  Since  the  entire  system  was  to  be  placed  inside  the  wind  tunnel,  the 
components  of  the  system  were  to  be  small  and  low-profile  so  that  the  flow  at  the  test 
section  was  not  unintentionally  disturbed.  These  requirements  were  feasible  given  the 
large  scale  of  the  wind  tunnel  and  the  relatively  large  wall  boundary  layers  in  which  the 
wake  generator  components  could  be  contained. 


2.3  Wake  Generator  Design 

2.3.1  Wake  Generating  Mechanism 

The  majority  of  wake  generating  systems  use  cylindrical  rods  as  the  wake  generating 
mechanism.  The  validity  of  this  was  investigated  in  the  literature  review  and  it  was 
shown  that  the  wake  shed  from  a  cylindrical  rod  adequately  matches  the  wake  shed  from 
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a  turbine  blade  [10,  18,  19,  20-22],  Based  on  these  studies,  it  was  decided  to  also  use  a 
cylindrical  rod  as  the  wake  generating  mechanism  for  this  system.  Carbon  fiber  rods 
were  chosen  as  the  wake  generating  mechanism  due  to  their  relatively  light  weight  and 
natural  dampening  characteristics  to  help  suppress  rod  vibration.  Following  the  same 
methodology  of  other  wake  generating  systems,  the  rod  diameter  was  chosen  to  match  the 
trailing  edge  diameter  of  the  cascade  blade  profiles,  and  the  placement  upstream  of  the 
cascade  was  chosen  to  be  a  half  of  an  axial  chord  length.  Although  a  typical  vane  count 
is  60-75%  of  the  blade  count  in  a  low  pressure  turbine  [36],  the  rod  spacing  was  chosen 
to  match  the  blade  spacing  of  the  cascade  as  this  was  thought  to  be  a  good  starting  point. 
This  resulted  in  the  rods  traversing  8.9cm  upstream  of  the  cascade  with  a  rod  diameter  of 
3.2mm,  and  a  rod  spacing  of  17.8cm. 

As  a  second  option,  an  airfoil  shape  was  designed  to  be  used  as  a  wake  generating 
mechanism  to  better  match  the  wake  shed  from  a  turbine  blade.  A  symmetric  NACA 
0025  airfoil  was  chosen  as  the  wake  generating  shape  for  its  relatively  thick  aerodynamic 
body  which  is  thought  to  produce  a  more  appropriate  wake.  A  casting  mold  was 
designed  so  that  the  airfoil  shape  could  be  cast  around  a  hollow  aluminum  rod,  allowing 
easy  installation  overtop  the  existing  carbon  fiber  rods.  In  an  effort  to  minimize  the  flow 
disturbance  of  the  airfoil  as  it  travels  around  the  track,  the  airfoil  was  designed  to 
“weather-vane”  around  the  carbon  fiber  rod.  This  allows  the  leading  edge  to  always  face 
the  flow  direction,  minimizing  the  flow  blockage. 

2.3.2  Track  Configuration 
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Based  on  the  design  configuration,  it  was  determined  that  a  squirrel  cage  design  common 
in  other  wake  generating  systems  would  best  suit  the  wind  tunnel  layout.  The  squirrel 
cage  design  consisted  of  the  cylindrical  rods  oriented  vertically  and  fastened  to  the  drive 
mechanism  running  along  the  top  and  bottom  of  the  wind  tunnel. 

A  fully  enclosed  design  with  the  entire  system  upstream  of  the  cascade  will 
inherently  cause  secondary  wakes  to  be  generated  as  the  wake  generating  mechanism 
makes  a  second,  upstream  traverse,  back  across  the  wind  tunnel  completing  the  cycle. 
This  is  the  drawback  to  an  internal  wake  generating  system,  as  wakes  cannot  be 
continuously  produced  due  to  the  effect  of  secondary  wakes.  Instead,  the  cylindrical  rods 
were  only  placed  on  a  portion  of  the  traversing  track  so  that  the  generation  of  secondary 
wakes  upstream  does  not  interfere  with  the  primary  wakes.  Different  track 
configurations  were  conceived  by  Dr.  Rolf  Sondergaard  of  AFRL  in  an  attempt  to 
optimize  the  number  of  primary  wakes  generated  in  a  single  cycle.  These  configurations 
were  based  on  the  dimensions  of  the  wind  tunnel  and  also  utilized  a  delay  loop  to  achieve 
a  suitable  number  of  primary  wakes  shed  during  one  cycle. 

An  optimization  routine  was  developed  by  Dr.  Sondergaard  to  quantify  the  track 
configurations  based  on  maximizing  the  number  of  primary  wakes  while  minimizing  the 
cycle  time.  For  each  track  configuration,  the  rod  speed,  rod  spacing,  and  the  number  of 
rods  were  used  as  inputs  to  the  optimization  routine,  and  the  track  length,  primary  wake 
time,  cycle  time  and  efficiency  were  calculated.  The  optimal  track  configuration  was 
chosen  based  on  an  efficiency  parameter  which  was  defined  as  the  ratio  of  primary  wake 
generating  time  to  cycle  time.  Figure  2.2  shows  an  example  of  the  different  track 
configurations  examined  and  figure  2.3  shows  the  optimization  routine  visualization. 
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The  visualization  is  a  time  plot  that  demonstrates  the  time  of  primary  (bottom  region)  and 
secondary  (top  region)  wake  shedding  with  the  distance  along  the  cascade  face. 
Parameters  were  adjusted  so  that  the  primary  and  secondary  wakes  did  not  overlap. 


Figure  2.2  Examples  of  different  track  configurations  considered  and  modeled  in 

simulation  program. 


Figure  2.3  Visualization  output  of  wake  generator  track  produced  in  simulation 

program. 


The  optimal  track  configuration,  shown  in  figure  2.2  (c),  produced  a  track  length 
of  8.407m  with  18  cylindrical  rods  equally  spaced  across  a  3.02m  span.  Based  on  these 
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dimensions  the  wake  generator  system  has  a  36%  duty  cycle  for  which  primary  wakes  are 
generated. 

A  hollow  pin  roller-chain  was  chosen  as  the  carrier  mechanism  and  allowed  easy 
attachment  of  the  rods.  A  3hp,  3450rpm  variable  frequency  motor  was  selected  to  drive 
the  system  through  a  1.59cm  diameter  shaft  by  means  of  a  v-belt.  The  v-belt  was  used 
instead  of  a  direct  drive  system  as  a  safety  precaution  in  case  the  chain  locked  up,  the  belt 
would  slip  and  not  cause  any  damage.  The  drive  motor  was  to  be  mounted  externally 
with  the  dive  shaft  penetrating  through  a  hole  on  the  top  of  the  wind  tunnel.  The  final 
design  uses  five  sprockets  on  the  top  and  bottom  of  the  wind  tunnel  to  guide  the  chain 
through  directional  changes  and  two  chain  tensioners  located  on  the  slack  side  of  the 
drive  pulley. 

2.3.3  Wake  Generator  Structure 

The  low  speed  wind  tunnel  at  AFRL  is  adjustable  for  various  inlet  and  exit  flow  angles 
and  it  was  necessary  to  have  the  wake  generating  system  also  be  adjustable  for  various 
angles.  Based  on  this  need,  UniStrut™  was  selected  for  the  wake  generator  structure  so 
that  all  of  the  components  are  adjustable  for  different  configurations  of  the  wind  tunnel. 
The  wake  generator  structure,  chain,  sprockets,  chain  guides,  and  tensioners,  were  all 
designed  to  be  compact  and  placed  as  close  to  the  wind  tunnel  walls  as  possible.  By 
keeping  the  majority  of  the  structure  within  the  approximately  10  cm  thick  wind  tunnel 
wall  boundary  layers,  the  free-stream  flow  disturbances  caused  by  the  wake  generator 
structure  should  be  minimized.  The  final  design  was  drawn  using  3D  CAD  software  and 
is  shown  in  figure  2.4  and  figure  2.5.  A  picture  of  the  wake  generating  system  installed 
in  the  wind  tunnel  is  shown  in  figure  2.6. 

31 

539 

Approved  for  public  release;  distribution  unlimited. 


Figure  2.4  3D  CAD  drawing  of  wake  generator  structure  with  chain  tensioner, 
sprockets,  and  chain  guides  highlighted. 


Turbulence  Grid - 

—  Linear  Cascade 

Figure  2.5  3D  CAD  drawing  of  wake  generator  structure  installed  in  wind  tunnel. 
Wake  generator  system  is  highlighted  in  red. 
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Linear  Cascade  Carbon  Fiber  Rod 


Wake 

Generator 

Structure 


Chain 

Tensioner 


Drive  Shaft 


Hollow  Pin 
Roller  Chain 


Figure  2.6  Wake  generator  system  installed  in  low  speed  wind  tunnel. 
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Chapter  3 


Characterizing  the  Periodic  Wake 
Produced  by  the  Wake  Generator 

3.1  Experimental  Analysis 

Velocity  and  pressure  measurements  were  performed  downstream  of  the  wake  generating 
mechanisms  to  characterize  the  wakes  impinging  upon  the  cascade  of  turbine  blades.  The 
individual  wake  was  quantified  by  wake  width,  peak  velocity  deficit,  and  momentum 
deficit.  The  wake  width  b,  and  values  used  to  calculate  peak  velocity  deficit  up  are 
defined  in  figure  3.2.  The  wake  width  as  used  here,  was  measured  from  95%  of  the 
undisturbed  velocity  on  either  side  of  the  wake  velocity  deficit.  The  peak  velocity  deficit 
Up,  was  calculated  using  eqn.  (3.1)  for  each  wake  generating  mechanism. 

»,  =  ^  (3-D 

In  this  equation,  U  is  the  average  undisturbed  free-stream  velocity  and  «o  is  the  minimum 
value  of  the  velocity  in  the  deficit.  The  momentum  deficit  of  the  generated  wake  can  be 
derived  from  the  linear  momentum  equation  for  a  fixed,  non-deforming  control  volume. 
The  equation  used  for  this  calculation  is  given  in  eqn.  (3.2). 
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I  u*(U  —  u)dx 

Jc5 


(3.2) 


The  control  surface  used  in  the  analysis  of  this  equation  is  shown  in  figure  3.3.  It  is 
assumed  that  the  boundaries  of  the  control  surface  are  located  a  distance  away  from  the 
body  so  that  the  pressure  across  the  control  surfaces  is  constant.  The  surface  at  B  is  also 
assumed  to  be  a  distance  downstream  where  the  static  pressure  is  equal  to  the  free-stream 
static  pressure  [37]. 


U  =  avg(u)  in 


Figure  3.1  Description  of  parameters  used  in  calculation  of  wake  width  and  peak 

velocity  deficit. 


u  =  U 


u  =  U 


u=f(x,y) 


Figure  3.2  Control  surface  for  momentum  deficit  of  the  generated  wake 


The  integrated  momentum  deficit  was  also  used  in  the  evaluation  of  the  number 
of  cycles  needed  to  fully  develop  the  time-averaged  wake.  This  parameter  was  used 
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since  each  individual  wake  produced  by  the  cylindrical  rod  should  contain  about  the  same 
momentum  deficit  as  a  time  averaged  wake.  Therefore,  based  on  conservation  of 
momentum,  a  converged  momentum  deficit  should  be  obtained,  given  the  appropriate 
amount  of  cycles.  The  number  of  cycles  needed  for  a  converged  result  will  also  be  used 
in  the  evaluation  of  the  integrated  wake  total  pressure  loss  measurement.  A  fully 
developed  time-averaged  wake  is  needed  for  this  measurement  in  order  to  properly 
evaluate  the  effectiveness  of  the  periodic  unsteadiness. 


3.2  Experimental  Setup 


A  characterization  of  the  wakes  shed  from  the  two  wake  generating  mechanisms 
was  performed  using  pressure  and  velocity  data  at  two  different  Reynolds  numbers  and 
two  different  free-stream  turbulence  intensities.  Since  low  Reynolds  number 
performance  is  of  interest,  a  Reynolds  number  (based  on  inlet  velocity  and  axial  chord 
length)  of  25,000  and  50,000  were  used  with  a  FSTI  of  0.5%  and  3.4%.  For  each  of  these 
flow  conditions,  two  different  traversing  speeds  were  considered  while  rod  diameter  and 
rod  spacing  were  held  constant.  A  common  parameter  used  in  evaluating  the  traversing 
speed  with  respect  to  the  flow  speed  is  the  flow  coefficient.  The  flow  coefficient  is 
defined  as  the  ratio  of  the  axial  flow  velocity  to  the  rod  velocity  and  is  shown  in  eqn. 
(3.3). 


U 


axial 


U 


Rod 


(3.3) 


For  each  Reynolds  number  and  FSTI  tested,  data  was  taken  with  a  flow  coefficient  of  0.7 
and  0.8. 
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These  values  of  flow  coefficients  are  commonly  used  values  to  match  velocity 
triangles  of  a  rotor  and  stator  blade  row  [12].  Figure  (3.1)  gives  a  geometrical 
representation  of  modeling  a  vane  row  with  cylindrical  rods  and  the  respective  flow 
interactions.  In  this  figure,  it  is  shown  that  as  the  rotor  blades  rotate,  they  are  subject  to 
periodic  unsteadiness  generated  from  upstream  vane  row  wake  shedding.  Matching  the 
rod  velocity  to  the  velocity  triangle  of  the  stage,  and  allowing  the  rods  to  traverse  across  a 
static  cascade  can  effectively  simulate  the  rotor  stator  interaction. 


Pressure  and  velocity  data  was  taken  by  placing  a  total  pressure  Kiel  probe,  along 
with  a  single  element  hot-wire  probe,  in  an  undisturbed  region  of  flow  upstream  of  the 
passing  rods  so  that  free-stream  conditions  could  be  obtained.  The  velocity  probe  was 
placed  upstream  of  the  primary  wakes,  but  within  the  loop  of  the  wake  generator.  The 
measuring  probe  needed  to  be  placed  here  so  that  the  inlet  velocity  to  the  cascade  could 
be  measured  for  the  Reynolds  number  calculation.  A  second  total  pressure  Kiel  probe 
and  a  single  element  hot-film  probe  were  mounted  together,  6.35cm  apart  in  the  span- 
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wise  direction,  and  placed  just  in  front  of  the  leading  edge  of  the  cascade  between  blades 
3  and  4.  The  total  pressure  Kiel  probes  were  connected  to  the  high  and  low  pressure  side 
of  a  Druck  LPM548 1  differential  pressure  transducer  with  a  range  of  -50  to  200  Pa.  The 
output  of  this  device  was  the  difference  in  total  pressure  between  the  free-stream  and  the 
affected  downstream  total  pressure.  The  upstream  hot-film  probe  was  used  in  setting  the 
free-stream  conditions  of  the  wind  tunnel,  while  the  second  probe  was  used  to  measure 
the  velocity  deficit  of  the  wakes  impinging  upon  the  linear  cascade.  Data  was  taken  with 
the  measuring  probes  in  a  fixed  position  while  the  eighteen  cylindrical  rods  passed  by 
during  a  cycle. 

Data  was  recorded  using  Lab  View™  data  acquisition  software.  The  software 
was  setup  so  that  data  was  acquired  at  a  sampling  frequency  of  2  kHz  for  both  pressure 
and  velocity.  Data  acquisition  was  phased  locked,  based  on  the  location  of  a  trigger 
sensor.  This  sensor  was  a  fast  response  phototransistor  optical  sensor  and  was  triggered 
by  flags  placed  along  the  length  of  the  chain.  Two  photoelectric  sensors  were  used,  one 
to  trigger  the  phased  locked  data  acquisition  process,  and  another  to  measure  the  speed  of 
the  chain.  Phase  locking  the  data  acquisition  was  needed  since  the  cylindrical  rods  were 
only  spaced  out  across  36%  of  the  total  chain  length. 


3.3  Wake  Characteristics  from  a  Partially  Populated 
Chain 

A  complete  cycle  of  ensemble  average  velocity  data  at  a  Reynolds  number  of 
25,000  with  a  FSTI  of  0.5%  and  3.4%  is  shown  in  figure  3.4.  The  second  smaller  set  of 
periodic  wakes  in  this  figure  are  the  secondary  wakes  generated  as  the  rods  make  a 
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second  traverse  across  the  wind  tunnel  completing  the  cycle.  No  interaction  between 


primary  and  secondary  wakes  was  observed,  proving  the  effectiveness  of  the  delay  loop. 
The  velocity  trace  at  the  low  FSTI  of  0.5%  shows  strong  evidence  of  the  secondary 
wakes  for  both  the  inlet  probe  and  cascade  wake  probe.  The  magnitude  of  the  velocity 
fluctuation  in  the  secondary  wakes  was  unexpected  given  the  small  rod  diameter  and  the 
distance  upstream  the  wakes  are  generated. 

At  the  higher  FSTI  of  3.4%,  the  secondary  wakes  appear  to  be  mostly  washed  out 
in  the  free-stream  turbulence  with  little  remnants  of  a  periodic  velocity  deficit.  The  effect 
of  the  secondary  wakes  mixed  with  the  primary  wakes  will  be  investigated  further  by 
using  a  chain  fully  populated  with  rods. 

The  data  in  figure  3.4  shows  that  as  the  cylindrical  rods  first  pass  by,  it  takes 
about  three  rod  passes  before  a  periodic  wake  is  established.  Therefore,  it  was  decided  to 
analyze  the  wake  from  the  ninth  rod  for  the  characterization  to  eliminate  any  non  periodic 
effects.  The  ensemble  averaging  was  also  observed  to  eliminate  non-periodic  effects  due 
to  rod  vibration  and  random  fluctuations  in  the  wake. 


39 


547 

Approved  for  public  release;  distribution  unlimited. 


- Inlet  Probe  - Downstrem  Wake  Probe 


Figure  3.4  Complete  cycle  of  ensemble  average  velocity  data  showing  both  primary 
wakes  and  secondary  wakes.  (Re  =  25k,  Top:  FSTI  0.5%,  Bottom:  FSTI  3.4%) 


Using  the  momentum  deficit  from  the  ninth  wake,  a  convergence  study  was 
produced  for  evaluating  the  number  of  cycles  needed  for  a  fully  developed  time-average 
wake.  A  range  of  50,  100,  200,  and  400  cycles  were  averaged  for  two  data  sets  at  a 
Reynolds  number  of  25,000  with  a  flow  coefficient  of  0.8  and  FSTI  of  0.5%.  Analogous 
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data  was  taken  for  the  higher  Reynolds  number  with  similar  results,  but  for  simplicity,  the 
25,000  case  will  be  considered  here.  Increasing  from  50  to  100  cycles,  the  integrated 
momentum  deficit  saw  a  change  of  3.5%,  while  going  from  100  to  200  cycles  averaged, 
the  momentum  deficit  saw  a  1.5%  change.  A  similar  trend  is  shown  for  200  to  400 
cycles  averaged  with  a  3.2%  change.  These  values  are  well  within  an  acceptable  change 
for  experimental  data  and  compared  well  to  the  instantaneous  data.  From  these  results, 
along  with  comparing  values  to  the  instantaneous  raw  data,  it  was  decided  to  use  100 
cycles  to  define  a  fully  developed  time  averaged  wake.  A  summary  of  this  convergence 
data  for  every  ensemble  is  shown  in  Figure  3.5. 


•  Ensemble  Data  Set  A  ■  Ensemble  Data  Set  B 


Number  of  Cycles  in  the  Ensemble 

Figure  3.5  Convergence  study  of  the  number  of  cycles  needed  for  a  fully  developed 

time-averaged  wake 


Using  100  cycles  for  an  ensemble  average  and  analyzing  the  ninth  wake  produced 
from  the  series  of  eighteen  rods,  the  wake  width,  peak  velocity  deficit,  and  integrated 
momentum  deficit  was  calculated  for  each  case  and  summarized  in  Table  3.1. 
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Reynolds 

Number/FSTI 

Flow  Coefficient  (f) 

Momentum  Deficit 

Wake  Width  (m) 

Peak  Velocity  Deficit 

25k/0.5% 

0.817 

0.0220 

0.0861 

0.2143 

25k/0.5% 

0.697 

0.0246 

0.0809 

0.1816 

25k/3.4% 

0.810 

0.0144 

0.0715 

0.1335 

25k/3.4% 

0.712 

0.0158 

0.0651 

0.1254 

50k/0.5% 

0.821 

0.0683 

0.0624 

0.1752 

50k/0.5% 

0.700 

0.0982 

0.0667 

0.2047 

Table  3.1  Calculated  wake  characteristics  based  on  hot-film  measurements  for  a  36% 

duty  cycle  wake  generator. 


As  expected,  for  a  constant  FSTI  the  experimental  results  show  increasing  momentum 
deficit  with  increasing  Reynolds  number  and  decreasing  flow  coefficient.  This  agrees 
with  the  definition  of  flow  coefficient  that  a  lower  value  results  in  a  higher  wake  passing 
frequency  and  a  higher  Reynolds  number  seen  by  the  rod.  The  increase  in  FSTI  results  in 
a  dissipation  of  the  wake  parameters  as  it  affects  both  the  convection  of  the  wake  and  also 
the  behavior  in  which  it  is  shed  from  the  rod.  A  net  reduction  in  all  of  the  parameters  was 
observed  as  the  wake  became  mixed  in  with  the  flow  and  had  less  of  an  effect  on  the  free- 
stream  compared  to  the  low  FSTI  case. 

The  results  for  the  wake  width  and  peak  velocity  deficit  did  not  show  a  trend  with 
Reynolds  number.  This  variation  in  the  results  is  thought  to  be  due  to  rod  vibration  and 
the  distance  downstream  in  which  the  wake  was  measured.  At  half  an  axial  chord  length 
downstream,  the  wake  is  being  measured  at  28  rod  diameters  downstream.  For  these  low 
rod  Reynolds  numbers  (400-1800),  the  wake  properties  at  this  distance  are  categorized  as 
being  in  the  near  wake  (x/d<80)  which  is  considered  to  be  much  more  erratic.  This  is  due 

to  the  fact  that  the  wake  of  a  blunt  body  such  as  a  cylindrical  rod  creates  a  wake  of 
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alternating  shed  vortical  structures  [38].  In  the  near  wake  these  structures  are  very 
unsteady  in  nature  and  do  not  produce  as  consistent  results,  as  compared  to  being  in  the 
far  wake  or  similarity  region.  The  rod  vibration  along  with  the  rod  not  being  a  perfectly 
smooth  cylinder,  can  lead  to  a  turbulent  wake  being  shed  which  would  produce  these 
inconsistencies. 

The  pressure  measurements  showed  a  decrease  in  total  pressure  from  the  location 
downstream  of  the  turbulence  grid  to  the  cascade  leading  edge.  Unfortunately,  the 
pressure  never  attained  a  steady  state  value,  as  the  36%  duty  cycle  of  the  wake  generator 
was  not  long  enough  to  produce  a  flow-field  long  enough  to  measure.  This  resulted  in  a 
sinusoidal  behavior  of  the  data  as  wakes  are  shed  and  then  followed  by  a  calm  period 
during  the  cycle. 


3.4  Wake  Characteristics  from  a  Fully  Populated 
Chain 

A  continuous  generation  of  wakes  is  very  desirable,  in  that  it  would  simplify  the  data 
acquisition  process  and  speed  up  the  measurement  time.  In  addition,  some  measuring 
devices,  particularly  pressure  measuring  devices,  have  relatively  slow  response  times  and 
require  a  flow-field  to  be  established  for  a  certain  duration  of  time.  In  some  cases,  a 
wake  generator  with  a  36%  duty  cycle  may  not  establish  a  flow-field  long  enough  to 
accurately  measure.  Therefore,  the  feasibility  and  accuracy  of  a  continuous  generation  of 
wakes  with  the  current  system  was  investigated. 

In  order  for  a  continuous  generation  of  wakes  with  the  current  system  to  occur, 

rods  would  have  to  be  placed  around  the  entire  length  of  the  chain.  With  this 
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configuration,  the  secondary  wakes  will  affect  the  primary  wakes  and  an  unwanted 
disturbance  in  the  wind  tunnel  flow  may  occur.  In  an  effort  to  quantify  this,  the  chain 
was  populated  with  rods  around  the  entire  length,  and  wake  characteristics  were 
quantified  by  wake  width,  peak  velocity  deficit,  and  momentum  deficit,  in  the  same 
manner  as  in  the  previous  section.  Data  was  also  acquired  in  the  same  way  with  hot-wire 
probes  and  ensemble  averaging  of  the  data.  The  results  with  the  fully  populated  chain 
were  then  compared  to  the  results  with  a  partially  populated  chain. 

For  simplicity,  a  Reynolds  number  of  25,000  with  both  flow  coefficients  and  both 
levels  of  FSTI  were  evaluated.  Figure  3.6  shows  a  time  trace  for  one  case  of  the 
ensemble  averaged  velocity  data  for  a  complete  cycle  with  the  continuous  generation  of 
wakes.  The  velocity  trace  shown  in  this  figure  displayed  small  disturbances  in-between 
passing  wakes  and  was  observed  in  all  four  cases.  The  first  set  of  wakes  in  this  figure 
show  a  larger  disturbance  in-between  the  passing  wakes  compared  to  the  disturbances 
seen  in  the  remaining  wakes.  When  a  more  detailed  analysis  was  done  on  the  individual 
wakes,  a  similar  observation  was  made  at  the  peak  of  the  deficit  with  larger  fluctuations 
occurring  in  some  wakes.  These  disturbances  and  random  magnitude  fluctuations  are 
thought  to  be  a  function  of  the  location  in  which  the  secondary  wakes  interact  on  the 
primary  wakes.  These  fluctuations  do  not  seem  to  be  a  large  factor  in  affecting  the  shape 
of  the  wake. 
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- Inlet  Probe  - Downstream  Wake  Probe 


Figure  3.6  Complete  cycle  of  ensemble  average  velocity  data  for  a  fully  populated 

chain.  (Re  =  25k,  <j>  =  0.8,  FSTI  0.5%) 


Wake  properties  were  measured  in  the  same  manner  as  the  previous  section  with 
100  cycles  averaged  in  the  ensemble.  Since  there  is  no  delay  in  establishing  periodic 
unsteady  flow  with  the  continuous  generation  of  wakes,  a  random  wake  was  selected  for 
analysis.  To  make  the  analysis  easier  and  more  repeatable,  a  wake  without  large 
fluctuations  from  the  secondary  wakes  was  chosen  from  each  data  set.  Table  3.2 
summarizes  the  wake  properties  obtained  from  the  analysis. 
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Reynolds 

Number/FSTI 

Flow  Coefficient  ^ 

Momentum  Deficit 

Wake  Width  (m) 

Peak  Velocity  Deficit 

25k/0.5% 

0.802 

0.0222 

0.0628 

0.1849 

25k/0.5% 

0.695 

0.0279 

0.0652 

0.2079 

25k/3.4% 

0.805 

0.0220 

0.0609 

0.1735 

25k/3.4% 

0.714 

0.0242 

0.0596 

0.1746 

Table  3.2  Calculated  wake  characteristics  based  on  hot-film  measurements  for  a  100% 

duty  cycle  wake  generator. 


The  trends  in  table  3.2  are  similar  to  the  ones  shown  in  table  3.1.  As  the  flow 
coefficient  is  decreased,  the  momentum  deficit  increased  for  both  FSTI  tested.  Once 
again,  there  was  no  apparent  trend  for  the  wake  width  and  peak  velocity  deficit  with 
Reynolds  number.  This  variation  in  the  results  is  again  thought  to  be  due  to  rod 
vibrations  resulting  in  a  turbulent  wake  and  the  distance  downstream  in  which  the  wake 
was  measured. 

Comparing  the  wakes  from  the  36%  duty  cycle  wake  generator  to  the  100%  duty 
cycle  wake  generator  showed  a  decrease  in  the  effect  of  higher  turbulence  intensity.  For 
the  36%  duty  cycle  case,  the  momentum  deficit  decreased  on  average  35%  from  the  low 
FSTI  to  the  high  FSTI,  while  the  100%  duty  cycle  case  only  decreased  7%.  The  peak 
velocity  deficit  and  wake  width  were  within  an  expected  experimental  variation  and  the 
secondary  wakes  did  not  seem  to  have  an  overwhelming  effect.  In  general  the  wake 
characteristics  were  similar  for  the  partially  populated  chain  and  the  fully  populated 
chain. 

It  was  observed  for  the  100%  duty  cycle  case,  in  all  four  data  sets,  the  velocity 
magnitude  had  increased  from  the  inlet  probe  to  the  cascade  probe.  A  slight  change  in 
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velocity  was  observed  in  the  36%  duty  cycle  data,  but  was  marginal.  For  the  0.8  flow 
coefficient,  the  velocity  magnitude  had  increased  by  about  5.5%,  while  for  the  0.7  flow 
coefficient,  the  velocity  magnitude  had  increased  by  about  6.5%.  This  increase  in 
velocity  magnitude  can  be  attributed  to  the  addition  of  a  swirl  velocity  caused  by  the  rods 
as  they  traverse  across  the  wind  tunnel. 

A  single  element  hot-film  probe,  such  as  the  one  used  in  this  experiment,  only 
measures  velocity  magnitude  and  is  insensitive  to  direction.  Knowing  the  free-stream 
velocity  from  the  inlet  probe  and  the  effective  velocity  measured  by  the  cascade  probe, 
the  tangential  component  of  velocity  induced  by  the  rods  can  be  decomposed.  An 
estimate  of  the  tangential  velocity  magnitude  along  with  the  change  in  flow  incidence  can 
be  made  using  vector  decomposition  shown  in  figure  3.7.  Using  this  analysis,  for  a  flow 
coefficient  of  0.8,  the  tangential  velocity  induced  by  the  traversing  rods  was  estimated  at 
1.49  m/s,  which  changes  the  flow  incidence  angle  by  4.7  degrees.  Similarly,  for  a  flow 
coefficient  of  0.7,  the  tangential  velocity  was  estimated  at  1.52  m/s,  which  changed  the 
flow  incidence  angle  by  5.0  degrees.  This  change  in  the  flow  incidence  angle  is 
undesirable,  as  the  cascade  is  no  longer  being  tested  at  design  conditions  which  can 
change  the  performance  of  the  blade. 
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From  Bell  Mouth 

l  \  \ 


Figure  3.7  Vector  decomposition  of  the  flow  inside  the  wind  tunnel. 


The  effect  of  a  change  in  flow  incidence  angle  on  turbine  blade  performance  is 
dependent  on  the  location  of  peak  loading  on  the  turbine  blade  [39].  Aft  loaded  turbine 
blades  are  inherently  less  affected  by  small  flow  incidence  angle  changes  due  to  blade 
loading  location.  With  peak  loading  occurring  on  the  aft  portion  of  the  blade,  the  flow 
within  the  blade  passage  can  correct  itself  before  peak  loading  is  reached.  For  front 
loaded  blade  profiles  however,  small  variations  in  flow  incidence  angle  can  have  a  large 
effect  on  blade  performance.  At  peak  loading,  the  boundary  layer  is  very  susceptible  to 
separation,  and  a  small  change  in  flow  angle  can  cause  a  boundary  layer  to  separate.  This 
small  change  in  flow  incidence  angle  present  in  the  wind  tunnel  with  a  100%  duty  cycle 
wake  generator  was  determined  to  be  insignificant  when  testing  aft  loaded  blade  profiles. 
Further  investigations  will  be  needed  when  front  loaded  profiles  are  used  with  the  100% 
duty  cycle  wake  generator. 
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3.5  Wake  Characteristics  from  an  Airfoil  Shape 


An  airfoil  shape  was  designed  as  an  alternative  wake  generating  mechanism  to  better 
match  the  wake  shed  from  a  turbine  blade.  A  symmetric  NACA  0025  airfoil  was  chosen 
as  the  wake  generating  shape  for  its  relatively  thick  aerodynamic  body,  which  is  thought 
to  produce  a  more  appropriate  wake.  A  casting  mold  was  developed  and  the  airfoil  shape 
was  cast  around  a  hollow  aluminum  rod,  which  was  then  installed  overtop  the  existing 
carbon  fiber  rod.  In  an  effort  to  minimize  the  flow  disturbance  of  the  airfoil  as  it  travels 
around  the  track,  the  airfoil  was  designed  to  “weather-vane”,  or  rotate  according  to  the 
flow  direction,  around  the  carbon  fiber  rod.  This  allowed  the  leading  edge  to  always  face 
the  flow  direction,  minimizing  the  flow  blockage.  For  this  initial  quantification,  nine 
airfoil  shapes  were  made  and  the  wake  was  evaluated  along  with  the  ability  of  the  airfoil 
to  weather-vane.  Based  on  the  results  of  this  initial  quantification,  design  changes,  along 
with  adjusted  parameters,  are  suggested  for  better  performance  and  improved  production 
of  a  more  appropriate  wake. 

Previous  results  show  that  with  a  36%  duty  cycle  chain,  as  the  rods  first  pass  by,  a 
transient  period  exists  before  a  periodic  unsteady  flow  field  is  established.  For  this  initial 
characterization,  nine  cylindrical  rods  were  placed  in  front  of  the  nine  airfoils  to  initialize 
the  flow  field  and  establish  the  periodic  unsteadiness.  The  spacing  of  the  wake 
generating  mechanisms,  both  the  airfoils  and  the  rods,  was  kept  at  the  cascade  blade 
spacing  of  17.8  cm.  The  distance  upstream  to  the  center  of  the  rods  was  also  kept  at  8.9 
cm  as  before.  The  NACA  0025  airfoil  scaled  for  this  application  resulted  in  a  6.8  cm 
chord  with  a  maximum  thickness  of  1.7  cm.  The  airfoil  pivoted  around  the  carbon  fiber 
rod  6  mm  from  the  leading  edge,  resulting  in  an  axial  distance  of  2.7  cm  between  the 
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cascade  leading  edge  and  the  airfoil  trailing  edge.  Figure  3.8  shows  the  setup  in  the  wind 


tunnel  using  the  airfoil  shapes. 


Linear  Cascade  Hollow  Pin  Roller  Chain 


Airfoils 


Carbon 
Fiber  Rod 


Airfoils 


Figure  3.8  Wake  generator  with  airfoils  installed. 
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The  wake  shed  from  the  airfoil  was  measured  in  the  same  manner  as  the  previous 
sections  with  100  cycles  averaged  in  the  ensemble.  Hot-film  probes  were  used  to  acquire 
the  velocity  data  and  were  placed  in  the  same  locations  of  the  cascade  inlet  and  within  the 
wake  generator  loop  as  before.  The  wake  was  characterized  in  the  same  manner  with  the 
quantification  the  wake  width,  peak  velocity  deficit,  and  momentum  deficit. 

The  initial  measurement  was  performed  at  a  Reynolds  number  of  25,000  with  a 
flow  coefficient  of  0.8  and  both  levels  of  FSTI.  Under  these  flow  conditions,  the  ability 
for  the  airfoil  to  weather-vane  was  marginal  and  inconsistent.  At  this  low  free-stream 
velocity,  the  lift  on  the  airfoil  was  not  enough  to  overcome  the  frictional  resistance 
associated  with  rotating  around  the  carbon  fiber  rod.  About  half  of  the  airfoils  were  able 
to  pivot  freely  while  the  other  half  exhibited  an  increased  frictional  resistance  that  was 
larger  than  what  the  lift  force  could  overcome.  This  increased  resistance  was  attributed 
to  the  hallow  aluminum  rod  not  being  perfectly  straight  during  the  casting  process. 

In  an  effort  to  improve  performance,  the  carbon  fiber  rods  were  lubricated  and 
guides  were  placed  around  some  of  the  flywheels  to  keep  the  airfoil  oriented  properly 
during  the  large  directional  changes.  These  modifications  improved  performance 
dramatically,  but  the  inconsistency  of  the  airfoil’s  ability  to  weather-vane  during  every 
cycle  skewed  the  ensemble  average  results.  Using  a  higher  free-stream  velocity  by 
testing  the  airfoil  shape  at  a  Reynolds  number  of  50,000,  increased  the  lift  force  to  a  level 
that  consistently  allowed  the  airfoils  to  weather-vane  properly.  This  proved  the  concept 
of  the  airfoil’s  ability  to  weather-vane  and  further  modifications  should  allow  lower 
Reynolds  numbers  to  be  tested. 
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For  the  50,000  Reynolds  number  test,  a  more  conservative  chain  speed  was  used 
so  that  data  could  be  acquired  without  damage  to  the  airfoils  or  wake  generator.  Figure 
3.9  shows  the  velocity  trace  for  a  complete  cycle  with  nine  cylindrical  rods  followed  by 
nine  airfoils  at  a  Reynolds  number  of  50,000,  with  a  flow  coefficient  of  1.57  and  using  a 
FSTI  of  0.5%.  Based  on  the  current  performance,  further  modifications  would  allow 
higher  chain  speeds  to  be  obtained. 


I  - Inlet  Probe  - Downstream  Wake  Probe  ] 


Figure  3.9  Complete  cycle  of  ensemble  average  velocity  data  using  nine  cylindrical 
rods  followed  by  nine  airfoil  shapes.  (Re  =  50k,  (f>=  1.57,  FSTI  0.5%) 

For  the  plot  in  figure  3.9,  the  first  nine  velocity  deficits  are  the  wakes  shed  from 
the  cylindrical  rods,  while  the  last  nine  deficits  are  from  the  airfoil  shapes.  The  rise  and 
drop  of  velocity  indicates  that  the  airfoils  induce  a  tangential  velocity  as  they  pass  the 
cascade.  This  is  similar  to  what  was  seen  previously  in  the  100%  duty  cycle  chain.  The 
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velocity  deficit  of  the  airfoil  compared  to  the  circular  cylinders  is  much  larger  as 
expected  with  the  trailing  edge  of  the  airfoil  only  2.8  cm  upstream  of  the  cascade.  This 
increase  in  the  velocity  deficit  removed  the  calm  period  between  the  wakes  that  was  seen 
with  the  circular  cylinders.  This  calm  period  is  present  in  actual  engines  as  seen  in 
Howell  et  al.  [30],  indicating  the  airfoil  spacing  should  be  increased  or  the  airfoils  moved 
upstream.  The  secondary  wakes  seen  in  the  last  half  of  this  plot  have  a  significant 
influence  on  the  wind  tunnel  flow.  This  is  due  to  the  large  angle  in  which  the  airfoils 
traverse  across  the  delay  loop,  causing  them  to  be  skewed  to  the  free-stream  flow, 
resulting  in  a  large  flow  blockage  and  disturbance.  The  inlet  probe,  which  is  used  to  set 
the  wind  tunnel  Reynolds  number,  was  also  greatly  affected  by  the  airfoils.  Further 
improvements  will  be  needed  to  reduce  this  effect  so  that  accurate  tunnel  conditions  can 
be  set. 

Figure  3.10  gives  a  closed  view  of  the  primary  wakes.  Since  data  was  taken  at  a 
different  flow  coefficient  than  before,  the  wake  from  the  cylindrical  rod  of  this  data  set 
was  used  for  comparison  to  the  wake  of  the  airfoil.  The  wake  of  the  fourth  rod  was  used 
for  the  analysis  to  avoid  effects  from  the  tangential  velocity  induced  by  the  airfoils. 
Similarly,  the  fifth  airfoil  wake  was  used  in  the  analysis  as  it  also  was  less  affected  by  the 
tangential  velocity.  Table  3.3  gives  a  summary  of  the  wake  properties  measured. 
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- Inlet  Probe 


Downstream  Wake  Probe  | 


Figure  3.10  Ensemble  average  velocity  of  the  primary  wakes  using  nine  cylindrical 
rods  followed  by  nine  airfoil  shapes  (Re  =  50k,  tj)=  1.57,  FSTI  0.5%) 


Reynolds 

Flow  Coefficient  ^ 

Number/FSTI 

Momentum  Deficit 

Wake  Width  (m) 

Peak  Velocity  Deficit 

Rod  50k/0.5% 

1.57 

0.0343 

0.0351 

0.1442 

Airfoil  50k/0.5% 

1.57 

0.0850 

0.0517 

0.2216 

Table  3.3  Calculated  wake  characteristics  based  on  hot-film  measurements  for  a 

cylindrical  rod  and  airfoil  shape. 


Comparing  the  wake  of  the  cylindrical  rod  from  this  data  set,  to  the  previous  data 
set  at  the  same  Reynolds  number  with  a  flow  coefficient  of  0.8  and  0.7,  the  wake 
properties  are  consistently  lower  for  the  higher  flow  coefficient  of  1.57  as  expected.  This 
gives  some  insight  into  what  the  wake  properties  for  the  airfoil  would  be  for  the  lower 
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flow  coefficients  of  0.8  and  0.7.  The  data  in  table  3.3  shows  the  wake  of  the  airfoil 
contains  higher  values  compared  to  the  cylindrical  rod.  This  was  expected  due  to  the 
difference  in  the  distance  to  the  cascade  with  the  airfoils  being  much  closer.  The  wake  of 
the  airfoil  was  much  wider  since  the  thickness  was  1 .7  cm  compared  to  the  diameter  of 
the  rod  being  0.32  cm.  This  shows  that  the  wake  of  a  streamlined  body  will  have  a  much 
slender  wake  for  the  same  diameter  of  rod.  The  momentum  deficit  was  more  than  twice 
that  of  the  rod,  but  the  peak  velocity  deficit  and  wake  width  were  only  about  50%  larger. 
These  differences  in  wakes  can  be  used  to  better  match  a  particular  shape  of  wake  that  is 
to  be  simulated  in  future  studies. 

These  initial  results  show  that  an  airfoil  with  the  ability  to  weather-vane,  can  be 
used  as  a  wake  generating  mechanism  for  this  system.  Further  improvements  can  be 
made  so  that  the  problems  encountered  during  this  test  can  be  reduced  to  an  acceptable 
level.  In  order  to  reduce  the  friction  as  the  airfoil  rotates,  a  thicker  aluminum  hollow  rod 
is  suggested  for  use  during  the  casting  process.  A  stiffer  rod  should  help  maintain  the 
rods  straightness  during  casting.  Guides  can  be  placed  around  directional  changes  to 
keep  the  airfoil  oriented  properly  during  the  excessive  g  forces.  Using  the  same  airfoil 
dimensions,  the  spacing  between  airfoils  and  the  spacing  upstream  of  the  cascade  should 
be  increased  to  better  match  the  wakes  seen  in  a  real  engine.  Given  the  large  flow 
disturbance  caused  by  the  airfoil  traversing  through  the  wind  tunnel,  it  is  suggested  that 
the  shape  be  reduced  in  size  but  maintain  the  current  spacing.  This  will  reduce  the  wake 
shape  to  a  more  appropriate  level  and  minimize  the  flow  disturbance  in  the  wind  tunnel. 
In  addition,  the  foam  used  in  the  casting  process  worked  well,  but  other  lightweight 
materials  could  be  used  that  would  produce  a  smoother  profile.  This  includes  filler 
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materials  such  as  micro-balloons  mixed  with  resin,  could  produce  the  smooth  profile 
desired. 


3.6  Conclusions 

The  wake  from  two  different  wake  generating  mechanisms  was  quantified  under  various 
flow  conditions  using  the  wake  generating  system.  Cylindrical  rods  were  used  as  the  first 
wake  generating  mechanism  and  the  results  were  comparable  to  other  wake  generating 
systems.  For  the  cylindrical  rods,  the  rod  diameter  matched  the  trailing  edge  diameter  of 
the  blade  set,  the  rod  spacing  matched  the  cascade  spacing,  and  the  rods  were  placed  half 
an  axial  chord  length  upstream.  These  parameters  are  consistent  with  other  wake 
generating  systems  and  proved  to  produce  similar  wake  properties.  The  momentum 
deficit,  wake  width,  and  peak  velocity  deficit  were  quantified  under  various  flow 
conditions,  such  that  the  data  can  be  referenced  or  compared  in  future  wake  generator 
studies. 

The  wake  from  a  100%  duty  cycle  system  was  compared  to  the  wake  of  36%  duty 
cycle  system.  A  continuous  generation  of  wakes  is  very  desirable,  in  that  it  would 
simplify  the  data  acquisition  process  and  speed  up  the  measurement  time.  The  100% 
duty  cycle  system  induced  a  noticeable  tangential  velocity  that  was  quantified.  Based  on 
the  results,  a  100%  duty  cycle  chain  is  acceptable  for  use  as  it  was  shown  to  produce  a 
comparable  wake  to  the  36%  duty  cycle  chain. 

A  symmetric  NACA  0025  airfoil  was  used  as  the  second  wake  generating  shape 
in  this  study.  The  wake  of  this  aerodynamic  body  was  quantified  and  compared  to  the 
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cylinder  wake,  and  differences  in  the  wakes  were  noted.  These  differences  in  wakes  can 


be  used  to  better  match  a  particular  shape  of  wake  that  is  to  be  simulated  in  future  studies. 
The  concept  to  allow  the  airfoil  shape  to  weather  vane  was  proven  and  design  changes 
were  suggested.  More  work  is  needed  before  an  airfoil  shape  can  be  implemented,  but 
the  results  were  promising  and  showed  potential.  For  the  rest  of  this  current  study,  only 
the  cylindrical  rods  were  used  as  the  wake  generating  mechanism. 
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Chapter  4 


Low  Pressure  Turbine  Blade 
Performance  with  Periodic  Unsteady 
Wakes  at  Low  Reynolds  Number 

4.1  Linear  Cascade  of  Low  Pressure  Turbine  Blades 

In  the  previous  chapter,  the  wakes  shed  from  the  wake  generator  were  quantified  and 
shown  to  produce  a  periodic  unsteadiness  consistent  with  other  wake  generating  systems. 
The  effect  of  the  periodic  unsteadiness  is  now  characterized  on  a  cascade  of  low  pressure 
turbine  blades  with  loss  measurements,  surface  pressure  distribution,  and  full  field 
velocity  measurements.  Since  low  Reynolds  number  is  of  interest,  all  measurements  are 
taken  at  a  Reynolds  number  of  25,000,  based  on  inlet  velocity  and  axial  chord  length. 

The  linear  cascade  consists  of  seven  fully  immersed  L1A  low  pressure  turbine 
blade  profiles  and  two  partial  blade  profdes  on  either  end.  These  blades  were  designed 
by  Clark  and  Koch  [40]  and  were  manufactured  using  cast  polyurethane.  The  cascade 
blade  profile  has  an  axial  chord  (Cx)  of  0.178m,  a  span  of  0.88m,  and  a  solidity  of  0.99. 
This  aft  loaded  blade  has  the  same  design  inlet  and  exit  angles  as  the  Pack  B  blade  profile 
of  55  and  30  degrees  respectively.  The  LI  A  profile  is  a  very  highly  loaded,  low  pressure 
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turbine  blade  with  a  calculated  incompressible  Zweifel  coefficient  of  1 .23  based  on  Eq. 
(4.1). 

z„.  =  2^cos2a„„(tana,„ -tana„,„)  (4.1) 

The  LI  A  profile  generates  17%  more  lift  than  the  Pack  B,  which  correlates  to  a 
17%  blade  count  reduction.  The  LI  A  profile  is  an  aft  loaded  blade  design  making  it 
prone  to  separation  under  steady  flow  conditions  due  to  the  axial  location  of  the  peak 
velocity  and  strong  adverse  pressure  gradient  on  the  blade  suction  surface.  This  blade 
was  designed  for  use  in  flow  control  studies  in  which  separation  may  be  suppressed, 
while  maintaining  the  benefits  of  both  very  high  loading  and  aft  loading  [25].  In  a 
previous  study  performed  in  the  same  facility,  it  was  shown  for  Reynolds  numbers  less 
than  40,000  and  a  FSTI  of  3.4%,  the  L1A  profile  exhibits  a  non-reattaching  separation 
zone  with  high  losses  [41].  These  characteristics  were  desired  for  the  current  study  to 
demonstrate  the  capability  of  the  wake  generating  system.  A  schematic  of  the  linear 
cascade  is  shown  in  figure  4. 1 . 


Figure  4.1  Schematic  of  linear  cascade  indicating  where  blade  numbering  begins 
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4.2  Wake  Loss  Measurements  of  the  LI  A  Blade  Profile 
with  Periodic  Unsteady  Wakes 

4.2.1  Cascade  Periodicity 

Before  any  blade  measurements  can  be  performed,  the  cascade  periodicity  must  be 
checked  so  that  the  results  are  not  skewed  by  improper  wind  tunnel  flow.  Although  a 
wake  generating  system  was  installed  inside  the  wind  tunnel,  the  structure  was  kept  to  the 
wind  tunnel  walls  and  cascade  periodicity  was  not  expected  to  be  affected. 

Cascade  periodicity  for  this  facility  is  normally  set  at  a  Reynolds  number  of 
100,000.  Since  the  periodicity  is  to  be  checked  with  the  wake  generator  running  at  an 
appropriate  flow  coefficient,  a  Reynolds  number  of  this  magnitude  is  mechanically 
unfeasible  under  the  current  configuration  of  the  wake  generator.  Therefore,  it  was 
decided  that  adequate  results  could  be  obtained  by  checking  the  periodicity  with  and 
without  the  wake  generator  running  at  a  Reynolds  number  of  50,000.  Cascade 
periodicity  was  checked  with  a  36%  duty  cycle  wake  generator  so  that  it  could  be 
compared  to  a  case  in  which  wakes  were  not  being  produced.  For  the  case  without  the 
wake  generator  running,  the  rods  are  parked  along  the  wind  tunnel  wall  after  the  delay 
loop.  At  this  location,  the  rods  are  not  in  the  wind  tunnel  main  flow  and  should  have 
little  effect  on  the  wind  tunnel  performance. 

Cascade  periodicity  is  measured  by  plotting  the  difference  in  total  pressure  from 
the  inlet  to  the  exit  of  the  cascade  across  blades  2,  3,  4,  and  5.  For  this  measurement,  a 
static  total  pressure  probe  located  upstream  of  the  linear  cascade  and  the  primary  wakes, 
was  used  to  acquire  the  inlet  total  pressure.  A  second  total  pressure  Kiel  probe  was 
located  approximately  one-half  chord  lengths  downstream  of  the  cascade  and  was  used 
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for  measuring  the  exit  total  pressure.  Both  probes  were  mounted  to  a  dual  axis  traverse 
allowing  the  probes  to  accurately  traverse  across  the  entire  cascade.  Both  measuring 
probes  acquired  data  using  Lab  View™  data  acquisition  software,  with  a  sampling 
frequency  of  1  kHz.  Data  was  taken  at  0.5  cm  increments,  with  each  increment  averaging 
40  seconds  of  pressure  data.  The  36%  duty  cycle  chain  used  for  this  measurement  had 
the  same  rod  parameters  used  in  the  wake  characterization. 

If  the  cascade  has  periodic  flow  across  the  blades  of  interest,  each  blade  profile 
should  have  somewhat  similar  pressure  peaks  with  similar  pressure  between  them. 

Figure  4.2  shows  the  plot  of  the  cascade  differential  total  pressure  across  blades  2,  3,  4, 
and  5.  Data  was  taken  at  a  Reynolds  number  of  50,000  using  a  flow  coefficient  of  0.8 
with  a  high  FSTI  of  3.4%.  The  plot  shows  that  periodic  flow  has  been  maintained  across 
the  cascade  with  the  installation  of  the  wake  generator  system.  Both  with  and  without  the 
wake  generator  running,  the  cascade  flow  periodicity  is  maintained  and  no  adjustment  to 
the  tailboards  was  needed.  Since  no  modifications  were  needed,  this  periodicity  was 
assumed  to  translate  to  the  lower  FSIT  of  0.5%  and  any  other  flow  coefficient. 
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—■—Steady  Flow  —♦—Unsteady  Flow  with  Periodic  Wakes 


Figure  4.2  Cascade  Periodicity  with  and  without  the  wake  generator  running. 

(Re  =  50k,  <f>  =  0.8,  FSTI  3.4%) 

4.2.2  Wake  Loss  Experimental  Setup 

Wake  loss  measurements  were  performed  with  steady  and  unsteady  inflow  at  a  Reynolds 
number  of  25,000  with  two  levels  of  FSTI.  The  cylindrical  rods  were  used  in  all 
unsteady  flow  experiments  with  the  same  rod  parameters  as  were  used  before.  The  rod 
diameter  matched  the  trailing  edge  diameter  of  the  blade  set;  the  rod  spacing  matched  the 
cascade  spacing,  and  the  rods  were  placed  half  an  axial  chord  length  upstream.  The  rod 
diameter  along  with  the  rod  spacing  was  held  constant  during  this  investigation. 

Data  was  taken  using  a  static  total  pressure  probe  located  upstream  of  the  linear 
cascade  and  the  primary  wakes,  but  within  the  track  loop  of  the  wake  generator.  A 
second  total  pressure  Kiel  probe,  along  with  a  dual  element  X  hot-wire  probe,  were 
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located  approximately  one-half  chord  lengths  downstream  of  the  cascade.  These  two 
probes  were  mounted  together  in  the  same  plane,  5.08cm  horizontally  apart.  Both 
pressure  probes  were  connected  to  the  high  and  low  pressure  side  of  a  Druck  LPM5481 
differential  pressure  transducer  with  a  range  of  -50  to  200  Pa.  All  three  probes  were 
mounted  to  a  dual  axis  traverse  and  fed  into  the  wind  tunnel  through  1.25  cm  wide  slots, 
allowing  the  probes  to  traverse  across  the  entire  cascade.  Pressure  and  velocity 
measurements  were  performed  across  the  third  blade  of  the  cascade.  A  single  element 
hot-film  probe  was  located  upstream  of  the  cascade  and  within  the  wake  generator  loop. 
This  fixed  probe  was  used  to  set  the  wind  tunnel  conditions  by  measuring  the  free-stream 
velocity.  All  measuring  probes  acquired  data  using  Lab  View™  data  acquisition 
software,  with  a  sampling  frequency  of  1  kHz. 

Wake  total  pressure  loss  was  measured  by  scanning  across  the  blade  at  0.5  cm 
increment  steps.  At  each  increment,  data  was  recorded  for  60  seconds  and  averaged. 
Between  each  measurement,  a  15  second  settling  period  was  used  so  that  the  probes 
could  stabilize  at  each  position.  The  long  measuring  period  and  settling  time  was  used 
due  to  the  unsteady  flow  associated  with  the  LI  A  blade  profile  at  this  low  Reynolds 
number. 

The  integrated  wake  total  pressure  loss  was  calculated  based  on  the  average 
pressure  measurements  at  each  increment.  The  equation  used  for  this  calculation  is  the 
same  used  in  Bons  et  al.  [15]  and  Marks  et  al.  [41]  as  shown  in  equation  (4.2). 
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This  equation  gives  the  area  averaged  integrated  wake  total  pressure  loss.  A  similar  loss 
measurement,  mass  averaged  wake  loss,  could  also  be  used  to  quantify  the  blade 
performance.  Since  previous  data  on  this  blade  taken  at  this  facility  was  the  area 
averaged  wake  loss,  it  was  decided  to  use  this  wake  loss  measurement  for  comparison. 

4.2.3  Baseline  Case  of  Wake  Loss  Measurements  for  Steady  Flow 
Conditions 

The  behavior  of  the  L1A  low  pressure  turbine  blade  was  characterized  under  steady  flow 
conditions  in  the  same  facility  by  Marks  et  al.  [41].  As  mentioned  previously,  in  this 
study  it  was  found  that  the  LI  A  exhibits  non-reattaching  separated  flow  on  the  suction 
surface  for  Reynolds  numbers  less  than  40,000  with  a  FSTI  of  3.4%.  For  comparison  of 
a  baseline  case  under  steady  flow  conditions,  the  results  of  the  wake  loss  measurements 
from  this  previous  study  are  summarized. 

Data  was  acquired  in  the  same  manner  as  described  above  using  the  same 
equipment.  Data  was  taken  at  various  Reynolds  numbers  and  two  levels  of  FSTI.  Of 
interest  to  this  current  study  are  the  cases  of  a  Reynolds  number  of  15,000  and  30,000 
with  a  FSTI  of  0.5%,  and  the  case  of  a  Reynolds  number  of  25,000  at  a  FSTI  of  3.4%. 
Figure  4.3  is  a  plot  of  the  measured  wake  loss  coefficient  across  blade  number  three  for 
each  of  these  cases.  The  profile  was  shifted  so  that  the  center  of  the  integration  width 
was  at  zero. 
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-■-Re  =  30k  FSTI  =0.5% 

Re  =  15k  FSTI  =0.5% 

-A-Re  =  25k  FSTI  =  3.4% 

Figure  4.3  Wake  loss  measurement  showing  steady  flow  LI  A  low  pressure  turbine 
blade  performance  at  a  Reynolds  number  of  25k  and  two  levels  of  FSTI. 

The  profiles  shown  in  figure  4.3  are  slightly  skewed  to  the  right  with  a  gradual 
rise  in  loss  coefficient  followed  by  a  steep  decline.  This  type  of  behavior  indicates 
separation  is  present  on  the  suction  surface  of  the  blade.  The  increased  FSTI  is  expected 
to  energize  the  boundary  layer  along  with  the  separated  free  shear  layer,  effectively 
reducing  the  profile  loss.  The  effect  of  the  increased  FSTI  of  3.4%  is  shown  as  a 
reduction  in  profile  magnitude  but  a  slight  increase  in  the  profile  width.  This  resulted  in 
a  net  reduction  of  the  profile  loss. 

The  integrated  wake  total  pressure  loss  scaled  with  the  blade  axial  chord  for  this 
baseline  case  is  summarized  in  table  4.1.  Using  previous  data  from  this  study,  from  a 
Reynolds  number  of  15,000  to  a  Reynolds  number  of  50,000,  based  on  the  four  data 
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points  in  this  range,  the  baseline  data  showed  a  linear  reduction  in  profile  loss.  Using  this 
linear  trend,  a  linear  interpolation  was  performed  to  approximate  the  profile  loss  at  a 
Reynolds  number  of  25,000.  This  interpolation  resulted  in  an  integrated  total  pressure 
loss  coefficient  of  0.581.  Using  this  value  and  comparing  the  effect  of  FSTI  on  steady 
flow,  the  integrated  profile  loss  was  reduced  by  29%  by  FSTI  alone.  Since  unsteady 
wake  flow  is  considered  an  extension  of  increased  flow  turbulence,  significant  reductions 
in  the  profile  loss  is  expected  with  the  inclusion  of  wakes. 


Integrated  Wake 

Reynolds  Number 

FSTI 

Total  Pressure  Loss 

15k 

0.5% 

0.638 

30k 

0.5% 

0.553 

25k 

3.4% 

0.413 

Table  4.1  Summary  of  integrated  wake  total  pressure  loss  scaled  with  the  blade  axial 

chord  for  baseline  case  with  steady  flow. 


4.2.4  Wake  Loss  Measurements  with  Periodic  Unsteady  Wakes 

Wake  loss  measurements  were  carried  out  on  the  linear  cascade  with  periodic  unsteady 
flow  and  the  results  were  compared  to  the  baseline  case  with  steady  flow.  Measurements 
were  performed  using  a  chain  fully  populated  with  rods  so  that  wakes  are  continuously 
generated,  yielding  a  100%  duty  cycle  wake  generator.  Area  averaged  wake  loss 
measurements  are  based  on  the  inlet  and  exit  pressures,  which  for  this  facility,  are 
measured  using  a  differential  pressure  transducer  as  stated  in  section  4.2.2.  This  type  of 

pressure  measuring  device  has  a  relatively  slow  response  time  and  is  not  able  to 

66 

574 

Approved  for  public  release;  distribution  unlimited. 


accurately  measure  the  flow  field  that  is  produced  using  a  36%  duty  cycle  chain.  Based 
on  the  results  from  the  previous  study,  a  100%  duty  cycle  wake  generator  will  produce  a 
consistent  periodic  flow  field  long  enough  to  measure  and  should  provide  accurate 
results. 

Wake  loss  measurements  were  performed  with  periodic  unsteady  wakes  at  a 
Reynolds  number  of  25,000  using  a  flow  coefficient  of  0.8  with  two  levels  of  FSTI. 
Figure  4.4  is  a  plot  of  the  measured  wake  loss  coefficient  across  blade  number  three  for  a 
FSTI  of  0.5%  and  3.4%.  The  loss  profile  was  shifted  so  that  the  center  of  the  integration 
width  is  at  zero  as  before. 


-•-Re  =  25k  FSTI  =  0.5% 

— »-Re  =  25k  FSTI  =  3.4% 

Figure  4.4  Wake  loss  measurement  showing  LI  A  profile  performance  with  periodic 

unsteady  wake  flow  at  a  Reynolds  number  of  25k  and  two  levels  of  FSTI. 
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The  loss  profiles  in  figure  4.4  show  a  similar  trend  as  the  baseline  case  with  the 
profiles  slightly  skewed,  indicating  flow  separation  is  still  present  on  the  suction  surface 
of  the  blade.  The  extent  of  this  flow  separation  is  not  apparent  in  theses  profiles,  but  a 
large  reduction  in  the  loss  magnitude  indicates  that  the  profile  loss  has  been  reduced 
significantly.  The  loss  profiles  with  the  inclusion  of  the  periodic  unsteady  wakes  are  not 
as  smooth  as  the  steady  flow  case,  indicating  the  flow  is  very  unsteady.  The  effect  of  the 
increased  FSTI  is  a  further  reduction  in  the  loss  magnitude  and  the  overall  profile  loss.  In 
both  profiles,  a  small  spike  in  the  loss  coefficient  is  observed  at  5.75  cm  for  the  low  FSTI 
and  7.25  cm  for  the  high  FSTI  case.  This  spike  in  the  loss  profile  is  believed  to  be  due  to 
vortices  rolling  off  of  the  suction  surface  of  the  blade.  This  spike  is  more  pronounced  in 
the  low  FSTI  data,  which  indicates  a  larger  separation  is  present. 

The  area  averaged  integrated  total  pressure  loss  for  the  profiles  shown  in  figure 
4.4  was  calculated  and  tabulated  in  table  4.2.  As  expected  from  what  was  observed  in 
literature,  the  effect  of  the  periodic  passing  wakes  is  a  substantial  reduction  in  profile 
losses.  For  a  Reynolds  number  of  25,000  with  a  FSTI  0.5%,  comparing  the  interpolated 
value  for  steady  inflow,  the  profile  losses  with  the  inclusion  of  periodic  wakes  had  been 
reduced  by  56%.  At  this  same  Reynolds  number  with  a  higher  FSTI,  the  inclusion  of 
periodic  wakes  reduced  the  profde  loss  by  almost  49%.  The  effect  of  FSTI  between  the 
unsteady  flow  cases  was  a  reduction  in  the  profile  loss  by  18%.  The  effect  of  FSTI  on 
steady  flow  was  on  the  same  order  of  reduced  profile  losses.  This  indicates  that  the 
inclusion  of  FSTI  with  the  unsteady  wakes,  further  reduces  profile  losses  even  with  the 
effect  of  the  wake  being  slightly  decreased. 
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Reynolds  Number/ 

Integrated  Wake 

Flow  Coefficient 

FSTI 

Total  Pressure  Loss 

25k/ 0.8 

0.5% 

0.257 

25k/ 0.8 

3.4% 

0.210 

Table  4.2  Summary  of  integrated  wake  total  pressure  loss  scaled  with  the  blade  axial 

chord  for  periodic  unsteady  flow  case. 


4.3  Pressure  Coefficient  Distribution  on  the  LI  A  Blade 
Profile  with  Periodic  Unsteady  Wakes 

4.3.1  Experimental  Setup 

A  pressure  coefficient  distribution  gives  a  map  of  the  pressure  distribution  on  a  blade 
profile  and  depicts  blade  loading  with  its  relative  location  on  the  blade  surface.  Pressure 
coefficient  distributions  were  obtained  to  quantify  the  flow  behavior  over  the  blade 
surface  with  periodic  unsteady  wakes  and  compared  to  steady  flow  data. 

Pressure  coefficient  data  was  obtained  using  pressure  taps,  which  had  been 
previously  installed  on  the  surfaces  of  two  LI  A  blade  profiles.  The  pressure  taps 
consisted  of  1.3  mm  diameter  holes  staggered  along  the  blade  surface  so  that  any  flow 
disturbance  caused  by  the  hole  did  not  propagate  downstream  to  another  hole.  Each 
pressure  tap  was  individually  plumed  with  plastic  tubing  and  fed  through  the  bottom  of 
the  wind  tunnel.  A  total  of  30  pressure  tap  locations  were  used,  with  19  placed  on  the 
suction  surface  of  blade  three,  and  1 1  placed  on  the  pressure  side  of  blade  four.  The 
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plastic  tubing  was  connected  to  a  multi-port  Scanivalve  that  allowed  the  use  of  a  single 
pressure  transducer  for  all  thirty  measurements. 

The  pressure  was  measured  using  a  differential  pressure  transducer  with  a  range 
of  -50  to  200  Pa.  At  each  pressure  tap  location,  60  seconds  of  data  was  acquired  and 
averaged,  resulting  in  the  average  pressure  distribution  over  the  blade  surface.  A  settling 
time  of  15  seconds  was  used  between  each  measurement  to  allow  the  pressure  transducer 
to  equalize.  Once  again,  due  to  the  relatively  slow  response  time  of  the  pressure 
transducer,  rods  were  placed  around  the  entire  length  of  the  chain.  The  100%  duty  cycle 
wake  generator  produced  a  continuous  periodic  unsteady  flow  field  needed  for  the 
pressure  coefficient  measurement  to  be  accurately  measured.  Pressure  coefficient  data 
was  taken  at  a  Reynolds  number  of  25,000  with  a  flow  coefficient  of  0.8  and  two  levels 
of  FSTI.  Data  was  compared  to  steady  flow  conditions  taken  previously  by  Marks  et  al. 
[41]  using  the  same  facility. 

The  pressure  coefficient  was  calculated  at  each  location  on  the  blade  surface  using 
Eq.  (4.3). 

P  —P 

CP^  (4.3) 

9, 

where  P0  i  was  the  average  inlet  total  pressure,  cl,  was  the  average  inlet  dynamic 
pressure,  and  Ps  was  the  average  static  pressure  on  the  surface  of  the  blade. 

4.3.2  Pressure  Coefficient  Distribution  for  the  L1A  Blade  Profile 

Figure  4.5  is  a  plot  of  the  pressure  coefficient  distribution  with  periodic  wakes  overlaid 
on  a  previous  data  set  measured  with  steady  flow  from  Marks  et  al.  [41],  For  steady  flow 
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conditions,  the  profiles  show  that  non-reattaching  separated  flow  is  present  on  the  aft 
portion  of  the  blade  suction  surface.  This  is  more  pronounced  in  the  low  0.5%  FSTI  case, 
in  which  the  profile  flattens  at  approximately  62%  axial  chord  (Cx),  and  continues  to  the 
trailing  edge.  At  the  higher  FSTI  of  3.4%  with  steady  flow,  the  extent  of  the  flow 
separation  has  been  reduced,  but  is  still  present,  indicated  by  the  large  pressure  difference 
between  the  pressure  and  suction  surfaces  at  the  trailing  edge.  Steady  flow  data  was  not 
taken  at  a  Reynolds  number  of  25,000  due  to  the  small  difference  in  flow  behavior 
between  a  Reynolds  number  of  15,000  and  40,000. 


-•-Re  =  25k  w/  Periodic  Wakes,  FSTI  =  0.5%  -*-Re  =  25k  w/  Periodic  Wakes,  FSTI  =  3.4% 

-*-Re  =  15k,  FSTI  =  0.5%  -«-Re  =  25k,  FSTI  =  3.4% 

-♦-Re  =  40k,  FSTI  =0.5% 
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Figure  4.5  Pressure  coefficient  distribution  with  periodic  unsteady  wakes,  compared  to 

steady  flow  for  two  different  FSTI  levels. 
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For  the  low  FSTI  of  0.5%  with  steady  flow,  the  peak  pressure  location  for  this 
case  is  at  approximately  52.5%  Cx,  while  the  separation  location  is  at  approximately 
62.0%  Cx.  Similarly,  for  the  high  3.4%  FSTI  with  steady  flow,  the  peak  pressure  was 
moved  slightly  downstream  to  approximately  57.2%  Cx,  with  separation  occurring 
around  67%  Cx.  These  results  are  consistent  with  what  was  observed  in  the  wake  loss 
measurements,  with  the  profiles  indicating  separated  flow  with  high  losses. 

In  both  FSTI  cases  with  periodic  unsteady  wakes,  the  pressure  profiles  indicate 
the  flow  along  the  suction  surface  is  attached,  and  contains  a  closed  separation  bubble. 

For  the  low  FSTI  of  0.5%  with  unsteady  wakes,  the  profile  shows  the  separation  bubble 
beginning  at  approximately  at  67%  Cx  and  reattaching  between  77.5%  and  83%  Cx.  The 
overall  peak  pressure  for  this  case  was  increased,  compared  to  steady  flow,  and  moved 
further  downstream  to  57.5%  Cx.  This  increase  in  pressure  level,  along  with  the 
movement  downstream,  indicates  higher  blade  loading  was  achieved. 

The  increased  level  of  3.4%  FSTI  with  unsteady  wakes  had  a  similar  effect  on  the 
blade  performance  with  a  further  increase  in  blade  loading.  The  pressure  profile 
indicated  a  closed  separation  bubble  was  present,  beginning  at  approximately  72%  Cx  and 
reattaching  between  77.5%  and  83%  Cx.  Although  this  reattachment  point  is  similar  to 
the  low  FSTI  case,  increased  spatial  resolution  is  thought  to  reveal  earlier  reattachment  at 
the  higher  FSTI  due  to  the  shape  of  the  profile  at  this  location.  Peak  loading  at  this  FSTI 
occurred  at  57%  Cx  and  had  an  increased  magnitude,  compared  to  the  lower  FSTI  with 
unsteady  wakes.  These  profiles  agree  with  the  wake  loss  data,  showing  a  small  closed 
separation  is  present  with  reduced  losses  at  the  higher  FSTI.  Comparing  the  four  cases 
tested,  the  effect  of  the  periodic  wakes  was  an  increase  in  blade  loading  through  a  higher 
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peak  pressure  located  further  downstream,  and  effectively  reattaching  the  separated  flow, 
forming  a  separation  bubble  on  the  blade  surface. 

Comparing  steady  and  unsteady  flow  with  wakes  at  the  high  FSTI  of  3.4%,  the 
profiles  indicate  that  higher  loading  was  achieved  under  steady  flow  conditions.  This 
may  not  necessarily  be  the  case  and  could  be  a  result  of  the  experimental  data.  In  this 
measurement,  the  flow  over  the  blade  surface  with  unsteady  wakes  is  averaged,  and  the 
velocity  deficit  produced  by  the  passing  wakes  will  reduce  the  result  to  some  degree.  The 
slow  response  time  of  the  differential  pressure  transducer  acts  like  a  low  pass  filter  on  the 
data  measured.  This  will  produce  a  low  frequency  time  average  of  the  data  as  a  result.  In 
addition  to  this,  the  Reynolds  number  may  not  have  been  exactly  matched  during  each 
measurement.  Currently  there  is  not  enough  data  available  to  verify  if  the  difference  in 
profiles  is  valid  or  not. 


4.4  Phase  Locked  Particle  Image  Velocimetry 

Measurements  on  the  Suction  Surface  of  the  L1A 
Blade  Profile  with  Periodic  Unsteady  Wakes 

4.4.1  Particle  Image  Velocimetry 

Particle  image  velocimetry  (PIV)  is  a  non-intrusive  imaging  technique  used  to  measure 
instantaneous  velocity  fields.  A  typical  PIV  system  consists  of  a  flow  seeding  method, 
camera,  high  power  light  source,  timing  box,  and  computer.  The  general  process  of  a  2D 
PIV  measurement  includes  adding  tracer  particles  to  a  fluid  flow  and  illuminating  them  at 
two  successive  instants  in  time.  The  illumination  of  the  particles  is  recorded  to  a  camera 
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and  the  image  pair  is  cross-correlated  using  analysis  software.  The  cross-correlation 
determines  the  displacement  of  the  particles  between  the  two  images.  Knowing  the  time 
delay  between  the  two  image  recordings,  instantaneous  velocity  data  can  be  calculated 
for  the  flow  field. 

The  cross-correlation  procedure  used  in  standard  PIV  calculations  is  summarized 
in  figure  4.6.  The  process  starts  with  a  correlation  window,  typically  128  x  128  pixels, 
that  marches  across  the  black  and  white  raw  images,  performing  the  appropriate 
computation.  Successive  passes  are  usually  made  in  the  analysis,  decreasing  the 
correlation  window  by  half  each  time.  A  velocity  vector  is  then  produced  for  every 
correlation  window  location  using  this  process. 


Image  1  Image  2 


Cross-correlated  Data 


Figure  4.6  Block  diagram  of  cross-correlation  analysis  procedure  using  fast  Fourier 

transforms  [42]. 
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4.4.2  PIV  Experimental  Setup 


Particle  image  velocimetry  was  used  to  investigate  the  effect  of  periodic  wakes  on  the 
flow  field  around  the  LI  A  blade  profde.  An  experiment  was  set  up  to  investigate  the 
flow  field  within  the  blade  passage  of  the  linear  cascade,  along  with  the  separation 
behavior  at  the  blade  surface.  In  this  experiment,  the  wake  passing  event  was  split  into 
six  phases  and  captured  using  2-D  planar  PIY.  The  flow  field  was  investigated  at  a 
Reynolds  number  of  25,000  with  a  flow  coefficient  of  0.8  using  a  high  and  low  FSTI. 
Since  data  is  captured  relatively  quickly,  a  partially  populated  chain  with  the  previous  rod 
parameters  was  used  for  this  investigation. 

The  test  section  of  the  low  speed  wind  tunnel,  shown  in  figure  2.1,  is  composed  of 
clear  polycarbonate  giving  full  optical  access  to  the  linear  cascade  from  four  different 
sides.  Phase-locked  two-dimensional  planar  PIY  measurements  were  taken  along  the 
suction  surface  of  the  LI  A  profile  for  six  different  phases  of  wake  passing.  A  dual-head 
532-nm,  frequency  doubled,  flash  lamp-pumped  Nd:  YAG  laser  was  used  to  illuminate 
the  seed  particles  through  a  thin  laser  sheet  along  the  flow  direction  of  the  suction  surface 
at  mid-span  of  blade  three.  Blade  three  had  been  previously  painted  a  flat  black  to 
minimize  reflections  from  the  laser.  The  laser  was  capable  of  delivering  dual  120  mJ 
pulses  at  repetition  rates  of  up  to  15Hz.  An  adjustable  laser  arm  containing  laser  sheet¬ 
forming  optics  was  mounted  on  an  optical  breadboard  located  outside  of  the  wind  tunnel. 

Mie  scattering  from  the  seed  particles  was  recorded  on  commercial,  high- 
resolution  cross-correlation  digital  camera  sensors  with  a  resolution  of  1600  by  1200 
pixels  and  a  maximum  framing  rate  of  30  frames  per  second  (fps).  The  camera  was  fitted 
with  a  35-70mm  £2.8  lens  set  to  a  focal  length  of  ~40mm,  which  provided  a  field  of  view 
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of  approximately  140mm  by  105mm.  The  camera  was  mounted  underneath  the  test 
section  looking  up  through  a  1.25cm  thick,  clear  polycarbonate  plate.  The  field  of  view 
contained  approximately  90%  to  45%  suction  surface  length  of  blade  three.  Timing  of 
the  camera  exposure  and  laser  pulses  was  controlled  using  an  eight  channel  pulse 
generator.  Figure  4.7  illustrates  this  setup  and  shows  the  relation  between  the  laser, 
camera,  and  blade  set. 


Blade  1  Blade  2  Blade  3  Blade  4  Blade  5  Blade  6  Blade  7 


Seeding  of  the  flow  was  accomplished  with  a  theatrical  fog  generator,  which 
produced  atomized  particle  sizes  on  the  order  of  micrometers.  A  new  adjustable  seeding 
system  was  constructed  for  this  measurement  to  allow  for  easier  seeding  of  the  flow.  The 
seeding  system  consisted  of  a  y-pipe  that  split  the  fog  into  two  flexible  tubes  going  up  to 
an  1 1.5cm  diameter  PVC  pipe  that  spanned  across  the  bell-mouth  inlet.  Fog  exited  the 
pipe  through  numerous  slots  and  entered  the  bell-mouth  1.22m  away.  This  setup  was  to 
provide  proper  mixing  while  allowing  enough  time  for  the  fog  to  cool  and  not  induce  any 
buoyancy  driven  flows.  A  picture  of  this  setup  is  shown  in  figure  4.8. 
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Bell-Mouth 


PVC  Pipe 


Adjustable 

Tubing 


Fog  Generator 

Figure  4.8  Seeding  system  used  for  PIV  measurements 


Phase  locking  of  the  PIV  measurements  was  done  using  quick  response 
phototransistor  optical  sensors  placed  along  the  wake  generator  chain,  which  externally 
triggered  the  pulse  generator.  The  wake  passing  event  was  split  into  six  phases  with  the 
first  phase  notionally  beginning  with  a  rod  positioned  directly  in  front  of  the  leading  edge 
of  blade  four  in  the  axial  direction.  The  temporal  delay  between  the  two  laser  pulses  was 
a  function  of  flow  velocity,  optical  magnification,  and  interrogation  spot  size.  The  delay 
for  each  phase  however,  was  purely  based  on  rod  velocity  and  the  distance  the  rod  needed 
to  travel  from  the  sensor.  A  diagram  of  the  different  phases  is  shown  in  Figure  4.9.  In 
this  figure,  the  black  filled  rods  demonstrate  the  placement  for  the  first  phase,  while  the 
dotted  circles  are  rod  locations  for  the  next  five  phases. 
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Figure  4.9  Diagram  of  the  different  rod  locations  for  each  phase 


Once  the  PIV  images  were  captured  and  digitized,  the  velocity  field  was  obtained 
using  cross-correlation  techniques  over  interrogation  domains  of  the  images  using  PIY 
analysis  software.  Two  different  analysis  software  were  used  for  the  correlation.  For  the 
high  FSTI  data,  images  were  processed  using  PPIV  software  developed  by  Innovative 
Scientific  Solutions  Inc.  (ISSI).  For  the  low  FSTI  data,  images  were  processed  using  the 
commercial  software  Flow  Manager.  For  consistency,  the  same  correlation  parameters 
were  used  in  both  analyses. 

The  present  results  were  obtained  with  two  and  three  passes  using  interrogation 
domains  of  128,  64,  and  32  pixels  with  an  overlapping  of  75%.  Overlapping  domains  (by 
three-quarters  the  domain  size)  yields  more  vectors  and  is  not  merely  interpolation,  since 
it  includes  new  particles  in  every  domain  sub-region  [43,  44].  Accuracy  is  expected  to  be 
approximately  1%  using  a  ten  pixel  displacement,  and  slightly  higher  close  to  the  wall 
[44].  A  parallel  computing  code  for  Linux  clusters  from  ISSI  was  utilized  for  the  PPIV 
software  for  added  processing  speed  [45], 
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For  each  phase,  150  image  pairs  were  correlated  and  averaged.  A  statistical 
vector  filter  was  employed  in  the  averaging  routine  to  remove  bad  vectors  from  the 
average.  The  vector  filter  was  needed  due  to  the  unsteady  nature  of  the  passing  wakes 
and  the  occasional  lack  of  seeding  in  the  images.  The  PPIV  statistical  vector  filter  was 
set  to  include  two  standard  deviations  of  variation  in  the  analysis.  The  Flow  Manager 
vector  filter  worked  in  a  similar  manner  but  used  a  moving  average  calculation  across  the 
entire  vector  map.  In  both  cases,  bad  vectors  were  removed  instead  of  being  replaced  by 
interpolation. 

4.4.3  Baseline  Data 

The  LI  A  low  pressure  turbine  blade  is  a  very  highly  loaded  design  that  is  prone  to  flow 
separation  at  low  Reynolds  numbers  with  steady  inflow.  Specifically,  this  blade  profile 
has  been  shown  to  have  a  non-reattaching  separation  zone  with  high  losses  at  Reynolds 
numbers  less  than  40,000  and  a  FSTI  of  3.4%  [41]. 

For  a  direct  comparison  of  the  effect  the  wakes  have  on  the  flow  field  around  the 
LI  A  profile,  a  baseline  case  with  no  wakes  is  presented.  In  all  cases,  data  was  taken  at  a 
Reynolds  number  of  25,000,  based  on  inlet  velocity  and  axial  chord  length.  Two  levels 
of  FSTI  were  investigated,  a  low  level  of  0.5%  and  a  high  level  of  3.4%. 

Figure  4.10  shows  PIV  data  along  the  suction  surface  of  the  LI  A  blade  for  both 
levels  of  FSTI.  The  contours  are  of  non-dimensional  average  velocity  magnitude  and 
streamlines  of  the  velocity  vectors  are  overlaid,  indicating  flow  direction.  This  data 
agrees  with  previous  results,  in  that  a  non-reattaching  separation  zone  is  present, 
implying  high  profile  losses.  The  blue  contour  levels  contain  streamlines  showing 
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reversed  flow,  characteristic  of  flow  separation.  At  the  higher  FSTI,  the  extent  of  the 
flow  separation  is  slightly  reduced.  This  was  also  observed  in  both  the  wake  loss  and 
pressure  coefficient  measurements. 


II V II /Vin:  0.1  0.3  0.5  0.6  0.8  1.0  1.1  1.3  1.5  1.7  1.9  2.0  2.2 

FSTI  =  0.5% 


II V II /Vin:  0.1  0.3  0.5  0.6  0.8  1.0  1.1  1.3  1.5  1.7  1.9  2.0  2.2 

FSTI  =  3.4% 


Figure  4.10  Non-dimensional  velocity  contour  of  steady  flow  baseline  case  with 
stream  lines  indicating  a  recirculation  region. 
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An  instantaneous  PIV  image  of  this  separated  flow  at  low  FSTI  is  shown  in  figure 
4.11.  This  image  is  used  to  show  the  separated  shear  layer  that  is  present,  and  the  eddies 
rolling  off  of  it.  These  eddies  are  shown  to  transition  into  turbulence,  however,  this 
transition  is  not  enough  to  reattach  the  flow  at  this  Reynolds  number.  According  to 
literature,  eddies  transitioning  to  turbulence  in  a  separated  shear  layer  typically  results  in 
reattachment  of  the  flow.  This  demonstrates  the  extent  of  the  separation,  since  the  flow 
transitioned  in  the  separated  shear  layer,  but  did  not  reattach. 


Figure  4.11  Instantaneous  PIV  image  demonstrating  eddies  forming  in  the  separated 

shear  layer 

4.4.4  Low  FSTI  Hot-Wire  Study 

An  internal  wake  generator,  with  wakes  being  generated  for  only  a  fraction  of  the 
cycle  time,  will  have  an  initial  non-periodic  unsteady  effect,  depending  on  the  nature  of 
the  flow  across  the  blade.  For  the  current  flow  conditions,  the  large  separated  flow  will 
interact  with  the  incoming  wakes  in  a  transient  manner  until  a  periodic  unsteadiness  is 
established.  In  order  to  determine  how  many  rod  passes  are  needed  to  establish  the 
periodic  unsteadiness,  a  single  element  hot-film  probe  was  used  to  acquire  velocity-time 
traces  within  the  blade  passage  at  three  different  locations.  Figure  4.12  is  a  plot  of  100 
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ensemble  averaged  measurements  of  non-dimensional  velocity  during  a  complete  cycle 
of  the  wake  generator  for  the  three  locations.  The  placement  of  the  probe  was  such,  that 
velocity  was  acquired  at  two  different  locations  in  the  free-stream  and  one  location  near 
the  blade  surface.  The  data  from  the  hotwires  indicates  that  approximately  six  wake 
passes  are  needed  to  establish  periodic  unsteadiness  in  the  flow  velocity.  Based  on  this 
information,  the  first  six  wake  passes  were  used  to  establish  a  periodic  unsteadiness  and 
the  PIV  data  was  recorded  on  the  remaining  wakes. 


Figure  4.12  100  ensemble  averaged  measurements  of  velocity  within  the  blade 

passage  during  a  complete  cycle  of  the  wake  generator.  (Re  =  25k,  FSTI  0.5%) 


The  hotwire  velocity  time  trace  shows  the  return  of  the  flow  separation  in  the  no 
wake  region  along  with  its  effect  on  the  flow  velocity.  Hotwire  location  number  one  and 
two  were  placed  within  the  free-stream  velocity,  with  location  number  one  being  the 
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furthest  upstream.  Hotwire  location  number  three  was  placed  close  to  the  blade  surface 
within  the  separated  flow  region  and  outside  of  the  boundary  layer.  At  this  location,  the 
hotwire  shows  a  dramatic  decrease  in  velocity  when  the  flow  is  separated  from  the  blade. 
As  the  wakes  impinge  upon  the  blade  surface,  the  separated  boundary  layer  is  reduced  in 
size  until  a  periodic  steady  state  is  reached.  The  separated  flow  across  the  suction  surface 
of  the  blade  acts  like  a  flow  blockage  within  the  blade  passages,  which  appears  as  a 
reduction  in  the  flow  velocity. 

4.4.5  Low  FSTI PIV  Results 

PIV  results  for  the  low  FSTI  case  are  shown  in  figure  4.13.  For  the  six  phases  of  wake 
passing,  velocity  contours  are  plotted  with  overlaid  streamlines  of  the  velocity 
components.  All  velocity  data  has  been  made  non-dimensional  with  respect  to  the  inlet 
velocity.  The  wake  passing  event  can  best  be  described  by  beginning  with  Phase  #3.  In 
this  phase  a  very  small  separation  bubble  is  present,  indicated  by  the  dark  blue  color, 
starting  around  70%  Cx.  In  Phase  #3,  the  wake  has  just  entered  the  blade  passage 
upstream,  and  is  outside  the  field  of  view.  Toward  the  end  of  the  visible  blade  surface, 
the  contour  levels  are  showing  increased  velocity,  indicating  a  closed  bubble  is  present. 
This  was  verified  with  the  surface  pressure  measurements.  Progressing  to  Phase  #4,  the 
separation  bubble  has  grown  in  height  and  the  streamlines  indicate  a  small  recirculation 
region,  or  vortex,  has  formed.  By  Phase  #5,  the  separation  bubble  has  grown  in  height 
and  length  covering  a  much  larger  region  of  the  suction  surface.  The  center  of  the 
recirculation  has  moved  further  downstream,  but  the  separation  location  has  moved 
slightly  upstream  to  about  67%  Cx.  Based  on  hotwire  data,  the  wake  is  located  roughly 
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between  60-65%  Cx  in  Phase  #6.  In  this  phase,  the  separation  bubble  has  grown  to  its  full 
height  and  length,  extending  further  down  the  suction  surface.  The  center  of  the 
recirculation  region  has  moved  upstream  from  the  previous  phase  and  the  separation 
point  has  appeared  to  move  downstream  to  70%  Cx.  A  change  of  events  occurs  in  Phase 
#1,  as  the  separation  bubble  appears  to  have  shed  a  vortex  with  the  location  of  the  wake 
trailing  behind  it.  The  vortex  is  observed  to  roll  down  the  blade  surface  in  Phase  #2,  with 
the  vortex  partially  out  of  the  field  of  view  and  a  very  small  separation  bubble  remains  as 
shown  in  Phase  #3. 

Compared  to  the  baseline  case,  the  flow  through  the  blade  passage  with  periodic 
wakes  was  less  restricted  and  higher  flow  velocities  were  attained.  The  non-reattaching 
flow  in  the  baseline  case  was  dramatically  reduced  to  a  small  separation  bubble.  The 
bubble  was  observed  to  grow  in  size  between  passing  wakes,  but  was  only  able  to  achieve 
a  fraction  of  the  original  size.  The  streamlines  through  the  unrestricted  blade  passage 
better  follow  the  blade  profile,  indicating  an  improved  exit  flow  angle  with  lower  losses. 
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Phase  5  Phase  6 


Figure  4.13  PIV  contours  of  non-dimensional  average  velocity  for  six  phases  of  wake 

passing.  FSTI  =  0.5% 


4.4.6  High  FSTI  Hot-Wire  Study 

Following  the  same  procedure  as  before,  two  single  element  hot-film  probes  were 
used  to  acquire  velocity-time  traces  for  evaluating  the  number  of  rod  passes  needed  to 
establish  a  periodic  unsteadiness  at  the  higher  FSTI.  Figure  4.14  is  a  plot  of  100 
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ensemble  averaged  measurements  of  velocity  during  a  complete  cycle  of  the  wake 
generator.  Data  was  acquired  by  placing  two  hotwires  in  the  free-stream  of  the  blade 
passage  between  blades  3  and  4,  within  the  PIV  field  of  view  and  measuring  plane,  set 
approximately  5cm  apart  in  the  flow  direction.  The  data  from  the  hotwires  indicates  that 
approximately  eight  wake  passes  are  needed  to  establish  periodic  unsteadiness  in  the  flow 
velocity.  PIV  data  confirmed  that  the  wake  from  rod  eight  left  a  small  separation  bubble 
on  the  suction  surface  that  was  slightly  larger  in  size  when  compared  to  the  remaining 
passing  wakes.  This  is  two  more  wake  passes  than  what  was  required  for  the  low  FSTI 
case.  From  this  data,  it  was  determined  to  use  eight  passing  wakes  to  establish  a  periodic 
unsteadiness  and  acquire  data  on  the  remaining  wakes. 


- HW  Location  #1  - H W  Location  #2 


Figure  4.14  100  ensemble  averaged  measurements  of  velocity  within  the  blade 

passage  during  a  complete  cycle  of  the  wake  generator.  (Re  =  25k,  FSTI  3.4%) 
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In  both  velocity  time  traces  from  the  two  hotwires,  the  return  of  the  flow 
separation  is  evident  in  the  no  wake  region,  along  with  its  affect  on  the  flow  velocity. 

The  separated  flow  across  the  suction  surface  of  the  blade  acts  like  a  flow  blockage 
between  the  blade  passages,  which  appears  as  a  reduction  in  the  flow  velocity. 

The  placement  of  hotwire  location  #2  was  such  that,  the  impinging  wakes  were 
not  as  distorted  as  the  wakes  measured  at  location  #1.  Since  wakes  are  continuously  shed 
from  the  moving  rod,  the  effect  is  a  velocity  deficit  of  a  certain  width  that  spans  across 
the  entire  blade  passage.  As  the  wake  convects  downstream,  it  becomes  distorted  and 
strained,  as  can  be  seen  by  the  two  different  hot  wire  measurements.  Stieger  et  al.  [13] 
was  able  to  visually  capture  this  event  using  Laser  Doppler  Anemometry  (LDA)  and 
analyzing  the  turbulent  kinetic  energy. 

The  hotwire  data  was  also  used  in  conjunction  with  the  PIV  data  to  track  the 
location  of  the  wake  for  the  six  different  phases  of  the  rod  position.  The  wake  location 
for  a  particular  phase  was  calculated  using  the  time  trace  of  the  voltage  from  the  optical 
sensor,  plus  its  respective  delay  for  the  particular  phase.  Figure  4.15  shows,  for  the  first 
three  recorded  wakes,  the  time  location  for  each  of  the  six  phases  as  the  wake  passes  the 
hotwire  within  the  blade  passage.  For  each  phase,  the  location  on  the  velocity  deficit 
from  the  wake  was  consistent  and  repeatable.  Knowing  the  location  of  the  hotwires  with 
respect  to  the  PIV  field  of  view,  the  location,  and  the  affect  from  the  impinging  wakes, 
can  successfully  be  tracked  in  the  velocity  field  data. 
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Figure  4.15  Time  location  for  each  of  the  six  phases  as  the  wake  passes  the  hotwire 
within  the  blade  passage  for  the  first  three  recorded  wakes. 

4.4.7  High  FSTI PIV  Results 

Non-dimensional  velocity  magnitude  contour  plots  of  the  six  different  phases  of 
rod  position  are  presented  in  Figure  4.16.  Streamlines  of  the  vector  components  are 
overlaid,  indicating  the  flow  direction  across  the  blade.  The  hotwire  locations  are 
depicted  in  all  six  phases  and  in  the  following  figures.  Velocity  magnitude  is  non- 
dimensionalized  with  respect  to  the  inlet  velocity  as  before,  and  the  axes  are  non- 
dimensionalized  with  respect  to  a  characteristic  length. 

Using  the  data  from  hotwire  location  #2,  shown  in  Figure  4.14,  the  approximate 
location  of  the  wake  can  found  in  all  six  phases.  The  exact  area  of  the  velocity  deficit 
from  the  wake  is  not  specified  due  to  the  lack  of  information  from  point  measurements  of 
a  hotwire. 
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Figure  4.16  PIV  contours  of  non-dimensional  average  velocity  for  six  phases  of  wake 

passing.  FSTI  =  3.4% 

Figure  4.16a  (Phase  #1)  shows  attached  flow  with  a  small  separation  bubble 
toward  the  trailing  edge  of  the  blade.  The  location  of  the  wake  in  this  phase  is  just 
upstream  of  hotwire  location  #2,  as  it  is  pushing  the  high  velocity  region  along  with  the 
separation  bubble  downstream.  Figure  4.16b  (Phase  #2)  has  no  recirculation  region  and 
attached  flow  across  the  visible  length  of  the  suction  surface.  The  location  of  the  wake  is 
now  on  top  of  hotwire  location  #2  and  is  evident  by  the  lower  velocity  contour  level  in 
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that  area.  Phase  #3  of  this  figure  shows  more  of  a  return  of  the  high  velocity  area  along 
the  blade  surface  with  the  location  of  the  wake  being  partly  outside  the  field  of  view.  In 
Phase  #4  of  this  figure,  the  wake  is  thought  to  be  mostly  out  of  the  field  of  view  with  the 
high  velocity  region  showing  signs  of  being  pushed  downstream,  indicating  a  new  wake 
moving  into  view.  Hot  wire  data  of  the  location  of  the  wake  for  Phase  #5  indicates  the 
velocity  is  almost  back  to  a  steady  state  value  at  hotwire  location  #2.  The  high  velocity 
region  has  moved  further  downstream,  and  a  small  separation  bubble  is  starting  to  form 
in  this  phase  at  approximately  85%  Cx.  Phase  #6  displays  a  growth  in  the  size  of  the 
separation  bubble  along  with  the  high  velocity  region  being  pushed  further  downstream, 
indicating  the  effect  of  the  new  wake  progressing  through  the  blade  passage. 

The  growth  of  the  separation  bubble  in  Phase  #6  has  also  moved  the  bubble 
upstream  as  the  wake  impinges  upon  the  blade  surface.  This  agrees  with  other 
researchers’  claims  that  this  movement  of  the  separation  bubble  upstream  triggers 
transition  of  the  boundary  layer  earlier,  which  keeps  the  flow  attached.  The  effect  of  the 
next  time  step  (Phase  #1),  is  then  washing  the  separation  bubble  off,  as  it  moves 
downstream  with  the  wake. 

The  PIV  results  for  the  high  FSTI  of  3.4%  are  similar  to  the  low  FSTI  of  0.5%. 
The  difference  between  the  two  data  sets  is  the  size  of  the  separation  bubble.  In  the  high 
FSTI  data,  the  separation  bubble  appears  much  smaller  in  size.  This  agrees  with  the 
lower  loss  values  measured  and  the  pressure  distribution  data.  Similarly,  the  vortice, 
observed  to  roll  off  of  the  blade  surface  in  Phase  #1,  is  much  smaller  compared  to  the 
vortice  observed  in  Phase  #1  of  the  low  FSTI  data.  This  data  shows  that  the  effect  of  a 
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higher  FSTI  is  a  reduction  in  losses  and  higher  blade  loading  that  is  achieved  through  a 
reduction  of  the  separation  bubble  on  the  suction  surface  of  the  blade. 

Even  though  the  wake  does  not  completely  stand  out  in  the  above  plots,  the  effect 
of  the  impinging  wakes  is  clear,  in  that  the  flow  is  attached  with  a  very  small  separation 
bubble  forming  in-between  the  wake  passing.  Capturing  the  wake  structure  using  PIV 
can  be  difficult,  due  to  the  relatively  high  turbulence  intensities  and  unsteady  nature  of 
the  wake.  Since  PIV  averages  together  numerous  image  pairs,  the  wake  structure  gets 
washed  out  and  the  wake  appears  as  a  lower  velocity  region  as  shown  in  the  above  plots. 

Certain  flow  features  of  the  velocity  field  can  be  made  apparent  through  the  use  of 
perturbation  velocity.  The  perturbation  velocity  is  defined  as  the  difference  between  the 
ensemble  averaged  and  time-averaged  velocity  fields  [13,  25,  27,  46].  The  perturbation 
velocity  for  this  data  set  was  calculated  by  averaging  together  the  velocity  magnitude  of 
all  six  phases  and  then  subtracting  that  average  from  the  individual  phases.  The 
calculation  of  the  perturbation  velocity  will  remove  the  natural  unsteadiness  of  the  flow, 
due  to  the  FSTI,  and  will  show  the  flow  structure  that  is  unique  to  that  phase. 

The  perturbation  velocity  contour  plots  for  the  six  phases  is  presented  in  figure 
4.17  with  overlaid  streamlines  of  the  perturbation  velocity  vectors.  The  placement  of  the 
two  hotwires  is  also  superimposed  on  this  plot  for  reference  of  the  wake  location.  In  this 
figure,  large  vortical  structures  are  present  and  travel  down  the  blade  passage  with 
increasing  phase  number.  This  flow  behavior  was  also  captured  in  a  recent  CFD  study 
with  periodic  wakes  [47].  Comparing  the  hotwire  data  with  the  location  of  the  large 
vortical  structures,  the  location  of  the  vortices  B  and  D,  coincides  with  the  stated  location 
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of  the  passing  wake.  Although  these  vortices  do  not  contain  the  complete  structure  of  the 
wake,  they  give  insight  into  the  effect  of  the  passing  wake. 
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Figure  4.17  Non-dimensional  phase  average  subtracted  velocity  contour 
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In  phase  1  of  this  figure,  two  large  vortices  are  present  along  with  a  much  smaller 
vortex  that  is  in  the  same  location  as  the  separation  bubble  in  the  previous  figure.  The 
interaction  between  the  two  large  vortices  appears  as  a  negative  jet,  as  described  by  other 
researchers  [26].  In  this  phase,  the  negative  jet  is  located  just  in  front  of  the  separation 
bubble,  which  effectively  pushes  it  downstream.  Tracking  vortex  B  from  Phase  #1  to 
Phase  #2,  the  center  of  this  vortex  is  now  on  top  of  hotwire  location  #2,  which  agrees 
with  the  hotwire  velocity  time  trace  of  figure  4.15.  Figure  4.17c  (phase  3)  shows  the 
back  edge  of  vortex  B  with  no  new  vortex  structure  coming  into  view.  Phases  #4  and  #5 
shows  a  new  vortex  structure,  vortex  C,  moving  into  view  and  convecting  through  the 
blade  passage.  Smaller  vortices  at  the  location  of  the  separation  bubble  are  also  apparent 
in  these  phases  and  grow  in  size.  Phase  #6  in  this  figure,  shows  yet  another  vortex 
coming  into  view,  vortex  D,  which  is  starting  to  interact  with  vortex  C.  The  interaction 
between  the  two  large  vortices,  along  with  the  interaction  between  the  separation  bubble 
vortex  and  vortex  C,  seems  to  cause  the  smaller  separation  vortex  to  roll  upstream,  based 
on  the  streamline  directions. 

Looking  at  Phases  #6  and  #1,  the  interaction  between  the  two  large  vortices  is 
what  seems  to  cause  the  negative  jet  in  this  figure  to  form.  This  data  agrees  with  other 
researchers’  claims  that  the  impinging  wake  can  be  thought  of  as  a  negative  jet  acting  on 
the  boundary  layer,  and  by  moving  the  separation  location  fractionally  upstream,  the 
boundary  layer  transitions  earlier  and  keeps  the  flow  attached  to  the  blade  surface  [25]. 
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Chapter  5 


Conclusions 


Researchers  have  used  wake  generating  systems  to  demonstrate  the  affect  of  periodic 
passing  wakes  on  low  pressure  turbine  blade  performance  at  low  Reynolds  numbers. 
Literature  has  shown  that  periodic  passing  wakes  dramatically  affects  performance  and 
the  inclusion  this  effect  in  the  design  phase  is  a  vital  component  of  improving  low 
Reynolds  number  performance  and  reducing  losses. 

Wakes  shed  from  upstream  vane  rows  have  been  shown  to  cause  a  periodic 
disturbance  within  the  free-stream  flow  in  the  form  of  a  momentum  deficit.  This  periodic 
perturbation  impinges  upon  the  separated  boundary  layers  of  low  pressure  turbine  blades 
and  the  interaction  can  have  a  profound  effect  on  profile  losses.  Researchers  have  shown 
that  the  interaction  can  be  used  to  improve  low  Reynolds  number  performance  and  allow 
higher  lift  generating  profiles  to  be  developed  beyond  the  current  design  limits.  These 
higher  loading  blade  profiles  have  been  shown  to  achieve  the  same  losses  of  current  blade 
designs  while  generating  significantly  more  lift.  This  correlates  to  blade  count  reductions 
in  the  portion  of  the  engine  that  can  account  for  a  third  of  the  overall  engine  weight. 

In  an  effort  to  aid  industry  in  increasing  low  Reynolds  number  performance  and 
increase  efficiencies  of  the  low  pressure  turbine,  the  Air  Force  Research  Laboratory  has 
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been  working  to  expand  the  design  space  and  push  the  aerodynamic  loading  limits  of  low 
pressure  turbine  blades  [35].  In  a  continuation  of  this  effort,  a  wake  generating  system 
was  designed  for  use  in  the  AFRL  low  speed  wind  tunnel  facility  to  further  investigate 
the  effects  of  periodic  unsteadiness  on  low  pressure  turbine  blade  performance. 

The  newly  designed  wake  generator  system  was  characterized  and  shown  to 
produce  a  periodic  unsteadiness  that  is  consistent  with  other  wake  generator  designs.  The 
periodic  wakes  produced  by  cylindrical  rods  were  characterized  by  momentum  deficit, 
peak  velocity  deficit,  and  wake  width.  The  wake  of  an  aerodynamic  body  was  also 
quantified  and  compared  to  the  cylinder  wake  and  differences  in  the  wakes  were  noted. 
The  concept  to  allow  the  airfoil  shape  to  weather  vane  was  proven  and  design  changes 
were  suggested.  The  effect  of  the  internal  wake  generator  on  the  internal  wind  tunnel 
flow  was  also  investigated  along  with  the  ability  of  the  wind  tunnel  to  maintain  cascade 
periodicity.  From  this  investigation,  the  wake  generator  was  shown  to  produce  the 
desired  periodic  unsteadiness  and  is  able  to  be  used  as  an  accurate  simulator  of  blade  row 
interactions. 

The  effect  of  the  periodic  wakes  on  a  linear  cascade  of  LI  A  low  pressure  turbine 
blades  was  investigated  through  the  use  of  wake  loss  measurements,  pressure  coefficient 
distributions,  and  velocity  field  data.  Low  Reynolds  numbers  were  of  interest,  so 
measurements  were  performed  at  a  Reynolds  number  of  25,000  with  two  levels  of  FSTI. 

A  baseline  case  of  data  was  obtained  under  steady  flow  conditions  for  comparison 
with  the  periodic  wake  data.  Wake  loss  measurements  showed  that  with  steady  flow  and 
both  levels  of  FSTI  tested,  the  LI  A  blade  profile  has  high  losses  at  this  low  Reynolds 
number.  Pressure  coefficient  distribution  measurements  showed  that  the  blade  profile 
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had  non-reattaching  separated  flow  on  the  suction  surface  of  the  blade  profile.  For  the 
low  FSTI  of  0.5%  with  steady  flow,  the  peak  pressure  location  for  this  case  was  at 
approximately  52.5%  Cx,  while  the  separation  location  was  at  approximately  62.0%  Cx. 
Similarly  for  the  high  3.4%  FSTI  with  steady  flow,  the  peak  pressure  was  moved  slightly 
downstream  to  approximately  57.2%  Cx,  with  separation  occurring  around  67%  Cx. 

PIV  measurements  gave  a  visualization  of  the  extent  of  the  separated  flow 
through  velocity  contour  plots.  Streamlines  overlaid  on  the  PIV  contour  plots  revealed 
the  reversed  flow  present  in  the  separation  and  the  undesirable  exit  flow  angle  resulting 
from  the  separation.  This  flow  separation  was  responsible  for  these  high  losses  and  the 
increased  FSTI  had  little  effect  on  reducing  the  separation  at  the  Reynolds  number  tested. 

Wake  loss  measurements  with  the  inclusion  of  periodic  wakes  showed  a  dramatic 
reduction  in  losses.  The  profile  losses  with  the  inclusion  of  periodic  wakes  at  a  Reynolds 
number  of  25,000  with  low  FSTI  had  been  reduced  by  56%.  At  this  same  Reynolds 
number  with  a  higher  FSTI,  the  inclusion  of  periodic  wakes  reduced  the  profile  loss  by 
almost  49%.  The  effect  of  FSTI  between  the  unsteady  flow  cases  was  a  reduction  in  the 
profile  loss  by  18%. 

Pressure  coefficient  distributions  showed  increased  loading  with  the  inclusion  of 
unsteady  wakes.  The  pressure  coefficient  profile  revealed  a  closed  separation  bubble  was 
present  on  the  suction  surface  of  the  blade.  For  the  low  FSTI  of  0.5%  with  unsteady 
wakes,  the  profile  shows  the  separation  bubble  beginning  at  approximately  at  67%  Cx 
and  reattaching  between  77.5%  and  83%  Cx.  The  overall  peak  pressure  for  this  case  was 
increased  compared  to  steady  flow,  and  moved  further  downstream  to  57.5%  Cx.  This 
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increase  in  pressure  level  along  with  the  movement  downstream  indicates  higher  blade 
loading  was  achieved. 

The  increased  level  of  3.4%  FSTI  with  unsteady  wakes  had  a  similar  effect  on  the 
blade  performance  with  a  further  increase  in  blade  loading.  The  pressure  profile 
indicated  a  closed  separation  bubble  was  present,  beginning  at  approximately  72%  Cx  and 
reattaching  between  77.5%  and  83%  Cx.  Peak  loading  at  this  FSTI  occurred  at  57%  Cx 
and  had  an  increased  magnitude  compared  to  the  lower  FSTI  with  unsteady  wakes. 

PIV  measurements  with  unsteady  wakes  confirmed  the  presence  of  a  closed 
separation  bubble  on  the  suction  surface  of  the  blade.  The  velocity  contour  plots 
indicated  the  velocity  through  the  blade  passage  had  increased  and  the  streamlines 
showed  a  more  appropriate  exit  flow  angle  was  achieved. 

The  wake  passing  event  was  split  into  six  phases  and  the  affect  of  the  periodic 
passing  wake  was  observed.  Between  passing  wakes,  a  separation  bubble  was  observed 
to  form  and  grow  in  size.  As  the  wake  approached,  the  wake  began  to  interact  with  the 
separation  bubble  causing  it  to  move  along  the  blade  surface.  Once  the  wake  moved 
overtop  the  separation  bubble,  a  vortex  was  observed  to  roll  out  of  the  bubble.  Once  this 
vortex  was  shed,  the  separation  bubble  was  significantly  reduced  in  size.  After  the  wake 
had  passed,  the  separation  bubble  was  observed  to  grow  in  size  and  the  process  started 
over. 

Compared  to  the  baseline  case,  the  flow  through  the  blade  passage  with  periodic 
wakes  was  less  restricted  and  higher  flow  velocities  were  attained.  The  non-reattaching 
flow  in  the  baseline  case  was  dramatically  reduced  to  a  small  separation  bubble.  The 
bubble  was  observed  to  grow  in  size  between  passing  wakes,  but  was  only  able  to  achieve 
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a  fraction  of  the  original  size.  The  streamlines  through  the  unrestricted  blade  passage 
better  follow  the  blade  profile  indicating  an  improved  exit  flow  angle  with  lower  losses. 

Perturbation  velocity  streamlines  were  calculated  and  shown  for  six  phases  of 
wake  passing.  The  perturbation  velocity  was  able  to  demonstrate  the  wake  acting  like  a 
negative  jet  and  agreed  with  previous  studies  [25,  13,  27,  55,  56].  The  wake  was 
observed  through  the  negative  jet,  to  stain  and  deform  as  it  convected  through  the  blade 
passage.  The  negative  jet  was  observed  to  form  counter  rotating  vortical  structures  on 
either  side  of  the  jet.  As  the  jet  convected  through  the  blade  passage,  it  was  observed  to 
move  over  top  of  the  separation  bubble,  which  agrees  with  previous  observations  and 
literature. 
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Appendix  A 


Wake  Generator  Operation  and 
Maintenance 

Operation 

The  wake  generator  system  is  driven  by  a  3hp,  3450  rpm  variable  frequency  electric 
motor.  The  motor  is  coupled  to  a  1.59cm  diameter  shaft  by  means  of  a  v-belt.  Various 
pulley  sizes  can  be  fitted  to  the  motor  and  drive  shaft,  and  the  current  configuration 
allows  for  1 100-2000  rpm  (motor  shaft)  speeds  to  be  operated.  This  range  of  rpm  is 
desirable  due  to  the  shaft  driven  cooling  fan  located  on  top  of  the  motor.  Lower  rpm  is 
not  recommended,  as  the  motor  will  overheat  during  extended  operation.  The  motor  has 
two  power  shut  off  switches;  one  located  on  the  side  of  the  wind  tunnel  next  to  the  motor, 
and  one  located  next  to  the  controller  by  the  control  room. 

The  motor  is  operated  by  a  Baldor  V-drive  controller.  This  controller  has  various 
options  and  controls  all  functionality  of  the  drive  motor.  For  a  complete  description  of 
the  controller,  refer  to  the  operation  manual.  The  controller  has  a  front  LCD  screen  that 
displays  information  about  the  controller.  This  screen  will  display  the  mode  the 
controller  is  in  along  with  the  current  motor  rpm.  The  controller  can  be  operated 
remotely  through  a  handheld  controller  (sold  separately)  or  a  computer  (not  currently 

104 

612 

Approved  for  public  release;  distribution  unlimited. 


hooked  up).  To  use  the  front  controller  buttons,  the  controller  must  be  in  “local”  mode  as 
opposed  to  “remote”.  If  power  is  turned  off  to  the  controller,  the  default  mode  is 
“remote”. 

The  controller  has  a  jog  function  that  is  useful  to  move  the  wake  generator 
mechanisms  to  a  different  location  on  the  track.  To  jog  the  motor,  press  the  jog  button 
and  then  hold  down  the  reverse  button  to  jog  the  chain.  Release  the  reverse  button  when 
you  want  the  chain  to  stop.  The  motor  was  wired  backwards,  and  so  the  reverse  button 
will  move  the  chain  in  the  proper  direction.  Due  to  the  location  of  the  chain  tensioner  the 
wake  generator  is  only  designed  to  move  in  one  direction.  Once  the  chain  is  located  in 
the  desired  location,  press  the  stop  button  to  exit  the  controller  out  of  jog  mode.  Note: 
you  cannot  manually  drive  the  chain  when  the  motor  is  in  jog  mode.  The  motor  should 
not  be  left  in  jog  mode  as  it  is  continuously  receiving  power  from  the  controller. 

Running  the  System 

To  turn  the  wake  generator  system  on,  first  press  the  enter  button  on  the  front 
panel.  The  current  motor  rpm  will  be  displayed.  This  is  the  rpm  the  motor  start 
operating  at.  It  is  recommended  that  the  initial  rpm  always  be  set  to  500.  This  will  allow 
the  user  to  check  the  system  and  make  sure  everything  is  operating  properly  before  a 
higher  rpm  is  selected.  Once  enter  is  pressed  the  user  can  use  the  up,  down,  left,  right 
buttons  to  select  the  desired  starting  rpm  (should  be  set  to  500).  Once  the  desired  rpm  is 
entered,  press  the  enter  button  again  to  enter  this  rpm  into  the  controller.  Once  it  is 
determined  safe  to  turn  the  system  on,  pres  the  reverse  button  (no  need  to  hold  it  down). 
The  wake  generator  should  turn  on  and  begin  moving.  Once  it  is  determined  that 
everything  is  operating  properly,  press  the  up  arrow  to  increase  the  motor  speed  by  50 
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rpm.  The  current  motor  rpm  is  displayed  on  the  LCD  screen.  Continue  pressing  the  up 
arrow  to  keep  increasing  the  speed  until  you  have  reached  the  desired  value.  Similarly, 
the  down  arrow  button  will  decrease  the  motor  speed  by  50  rpm. 

Stopping  the  System 

In  case  of  an  emergency,  the  system  can  be  shut  off  using  the  red  stop  button  on 
the  front  panel,  or  by  turning  off  power  using  the  power  shut  off  at  any  time.  The  method 
of  stopping  the  system  is  to  use  the  down  arrow,  decreasing  the  rpm  till  500  rpm  is 
displayed  on  the  front  panel.  Once  the  system  is  turned  down  to  500  rpm,  press  the  red 
stop  button.  Note:  the  controller  maintains  the  last  set  rpm  value  and  will  return  to  this 
value  if  the  reverse  button  is  pressed.  Make  sure  you  check  the  set  rpm  value  before 
running  the  system. 

The  acceleration  time  and  deceleration  time  can  be  adjusted  through  the 
controller.  It  is  currently  set  to  safe  acceleration  times  and  is  not  recommended  that  these 
values  be  changed.  Further  options  can  be  found  in  the  operation  manual. 

Maintenance 

The  wake  generator  system  needs  routine  maintenance  for  proper  operation.  For  every 
10  hours  of  operation,  the  system  needs  to  be  lubricated.  The  parts  that  need  lubricated 
are  the  chains,  sprockets,  and  drive  shaft  bearings.  The  chain  is  lubricated  using  spray 
grease  located  in  the  flammable  cabinet.  The  sprockets  are  also  lubricated  with  Teflon 
spray  grease  located  in  the  flammable  cabinet.  The  drive  shaft  bearings  are  located  on 
top  of  the  wind  tunnel  and  need  a  single  pump  from  the  grease  gun. 

During  lubrication,  chain  tension  and  rod  couplers  should  be  checked.  Chain 
tension  is  adjusted  by  with  the  chain  tensioners  located  on  the  slack  side  of  the  drive 
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sprocket.  The  chain  tension  should  be  such  that  the  chain  appears  rigid  between  the 
tensioner  and  flywheel  during  operation.  Excessive  chain  movement  at  this  location  is 
sign  that  the  chain  should  be  tightened.  The  rod  couplers  should  be  checked  for 
tightness.  When  the  couplers  become  loose,  they  will  begin  to  spin  on  the  chain.  If  a 
coupler  is  loose,  remove  the  bolt,  apply  locktite,  and  replace  the  bolt. 

These  are  basic  operating  instructions  and  Dr.  Rolf  Sondergaard  should  be 
consulted  for  any  modifications  or  maintenance  to  the  wake  generator  system. 
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